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SUMMARY
This thesis sets out to examine the application of 
purely instrumental methods of activation analysis to a 
variety of problems mainly in the life sciences. A critical 
review of the methods of activation analysis is presented 
with a detailed discussion of the impact of high resolution 
gamma ray spectroscopy with Ge(Li) detectors. The problems 
associated with precise gamma ray energy determination are 
outlined and various methods of peak area measurement are 
discussed.
The second half of the thesis describes experiments on 
charged particle and thermal neutron activation analysis 
using Ue(Li) detectors for gamma ray spectroscopy. Charged 
particle activation analysis has been applied for the 
determination of oxygen and nitrogen in gas.es and aluminium 
in germanium. Thermal neutron activation analysis has been 
investigated for the determination of cobalt, molybdenum and 
selenium in soil and herbage, and silver in film badge dosimetr 
The problems associated with achieving the idealised detection 
limit for any element using a purely instrumental method are 
outlined. Finally, some aids to activation analysis in the 
form of graphical presentations of various useful data are give
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CHAPTER 1 
NUCLEAR METHODS QF ANALYSIS
1. 1. Introduction
Nuclear methods of analysis are defined in this thesis 
as those analytical methods which exploit changes in the 
atomic nucleus induced by nuclear probes. This definition, 
therefore, excludes all other analytical methods such as 
X-ray excitation, optical spectroscopy etc., which are 
essentially atomic methods. Nuclear methods depend specifi­
cally on energy changes in the atomic nucleus, whereas 
atomic methods are dependent on the energy changes associated 
with the outer electronic arrangement of the atom.
In nuclear methods of analysis the measuring probes of 
the nuclear physicist become the analyst*s tool. Nuclear 
probes can be divided into two groups according as to whether 
nuclear or electromagnetic interactions are involved. In the 
former case the probe particle may be a nucleon or group of 
nucleons, or possibly some kind of meson, which interacts via 
the strong nuclear force with both the protons and neutrons 
in the nucleus. Alternatively, an electrically charged 
particle or a photon will interact specifically with the 
electrically charged nuclear protons via the electromagnetic 
forces. At present slow neutrons are in most widespread use 
by the nuclear analyst.
1. 2. Nuclear Reactions
The possible products of a two-body nuclear reaction, 
which is typical at MeV energies, may be represented 
schematically by i
a + X — e=-(C.N.)*— c=~X + a .........   (1)
X*+ a ............. (2)
Y + b .............. (3)
2 + o  .......... (4)
etc,
where 'a* represents the incident particle
fX' represents the target nucleus (assumed at rest)
'bf, !cf represent other types of emitted particle or
photon
*1*, 1Z 1 represent product nuclei 
(C.R.)* represents the compound nucleus,
— 16The compound nucleus has a typical life time of about 10 
seconds and is therefore difficult to detect directly*
Reaction (1) represents elastic scattering in which the 
emitted particle emerges with its energy undhangedi in the 
centre of mass system. The second reaction represents 
inelastic scattering in which the emitted particle emerges 
with reduced energy, leaving the target nucleus in an excited 
quantum state. In all other cases the product nucleus differs 
from the target nucleus. In principle, any of the prompt 
products of the reaction or the delayed radiations of the 
product nucleus may be utilised for analysis. However, only 
a few of these reactions are of practical interest, and the 
great majority of nuclear analytical methods depend on the 
measurement of the delayed radiations of a radioactive 
product, although recently there has been a growth of interest 
in the prompt products of nuclear reactions (Pierce and Smales 
1966, Morgan 1,966). Some of the prompt products that have 
been utilised as analytical indicators are gamma rays,
-2-
neutrons and charged particles. Figure 1 illustrates the 
relationship between some of the possible schemes that have 
been utilised in nuclear methods of analysis. The so-called 
prompt products are only really prompt within the decay time 
of the compound nucleus, which for the purposes of this thesis 
can be considered to be infinitely short.
1. 3• Isotopes
Isotopes are defined as atoms of the same element with 
different numbers of neutrons in their nucleus. Of all the 
naturally occurring stable elements, 20 occur as a single 
isotopic species and the rest occur as a mixture of two or 
more stable isotopes, with some elements containing as many 
as 10 isotopes. The 81 stable elements found in nature 
contain 271 stable isotopes (Nuklidkarte, Karlsruhe 1968), 
and therefore the number of possible reactions at energies in 
the MeV region is reasonably finite. The number of isotopes 
and isotones for all the naturally occurring elements are 
illustrated in Figures 2 and 3 respectively.
Since isotopes of a given element contain the same
number of protons, properties such as chemical behaviour and
their optical, X-ray spectra, which depend essentially on the
number and arrangement of the orbital electrons, are virtually
identical. The radioactive and nuclear properties of isotopes
on the other hand, which are governed by the particular
combination of protons and neutrons in the nucleus, often vary
widely for various isotopes of the same element. The
relative abundances of isotopes found in nature have been showr
to be related to their nuclear and radioactive properties
(Alpher, Bethe and Gamow 1948)* An isotope is here defined as
22stable if it has a half-life greater than 10 seconds.
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1. 4. Activation Analysis
Radioactive nuclei can be identified by the detection and 
specification of the emitted radiations. Therefore, if any 
nucleus is transformed to a radioactive product by nuclear 
bombardment, then a measurement of the radiations emitted by th 
product can be used to infer the nature and amount of the 
particular target isotope. This process is called activation 
analysis. Activation analysis may be defined as an analytical 
method that involves a nuclear change for an isotope brought 
about by charged particles, neutrons or high energy gamma rays 
etc. Activation analysis methods can be divided into two 
groups;
1. Radioactivation analysis where the delayed radiations of 
the product nuclei are used.
2. Prompt activation analysis where the prompt radiations of 
a nuclear reaction is used. Sometimes this is referred 
to as "nuclear reaction analysis”.
The essential difference between the two schemes is demonstrate 
in Figure 1. In practice, a product nuclide with a half-life 
that is short compared with the irradiation time may also be 
considered as prompt, since the delayed radiations may appear 
in the spectrum of the promptly emitted radiation.
Measurements of the prompt or delayed radiations of the 
nuclear reaction or product nuclide enables quantitative and 
qualitative inferences to be made of the original composition 
of a sample. It should be emphasised that activation analysis 
methods only measure the abundance of an isotope of an element 
and is independent of the different states of chemical or
-7-
physical combination of the elements. The total weight of the 
element that is inferred from this measurement rests on the 
general assumption that the isotopic ratio is constant for most 
elements found on this planet. It is of interest to note that 
meteorites with unusual isotopic ratios have also been analysed 
using thermal neutron and charged particle radioactivation 
analysis (Reed, Kigoshi and Turkevitch 1960, Cobb 1960).
1. 5* Historical
Analysis by radioactivation was first suggested by 
Hevesey and Levy (1936) when they used thermal neutrons from 
a 300 mCi RaBe source to detect dysprosium and europium 
activities in rare earth mixtures without tedious chemical 
separation procedures. This original experiment relied on the 
detection of the beta particles emitted with a Geiger-Muller 
counter. Since then the technique has been ponsiderably 
refined' and extended by the use of other incident particles 
and emitted radiations in a wide variety of problems. The 
rapid growth of the use of activation analysis has been 
stimulated in part by:
1. The advent of nuclear reactors and nuclear particle 
accelerators; the number and availability of irradiation 
facilities is still growing.
2. The development of gamma ray spectrometry and other asso­
ciated counting techniques, e.g. Nal(Tl) scintillation 
spectrometry and, more recently, semiconductor detectors 
offering high resolution gamma ray spectrometry.
-8-
Earlier work on activation analysis usually employed 
radioactivation analysis by thermal neutrons. The delayed 
radiation of the product nuclide was usually counted with 
Geiger-Muller counters providing quantitative measurements 
(Meinke 1949* Wolfe et al. 1949)- Post-irradiation chemical 
separation procedures involving the use of carriers to separate 
the elements of interest were made with decay and absorption 
measurements providing qualitative information for the analysis. 
In the early 1950's the development of Nal(Tl) spectrometry 
and multichannel analysers enabled mixtures of specific radio­
isotopes to be measured simultaneously and led to considerable 
simplification in the chemical separation procedures. However, 
the limited resolution of the scintillation spectrometer made 
the interpretation of complex spectra difficult, and only in 
a few cases could the necessity of chemical separation be 
completely avoided (Meinke and Anderson 1953i Jervis and 
Mackintosh 1959)- The use of digital computers for the analysis 
of complex multicomponent gamma ray spectra and spectrum strippir 
methods did solve these problems to a limited extent (Emery et 
al. 1965)- Tke advent of the semiconductor Ge(Li) detector in 
the early 1960's (Ereck and Wakefield 1962, Tavendale and Ewan 
1965) with its 20-fold superior energy resolution made a marked 
impact on the feasibility of further simplification of chemical 
separation procedures. The improved resolution can eliminate 
both the need for spectrum sti'ipping methods and chemical 
separation procedures for the analysis of many elements in 
particular matrices. Early Ge(Li) detectors with very small 
sensitive volumes were useful only as qualitative tools, because 
their sensitivities were nearly two orders of magnitude lower 
than scintillation detectors.
-9-
Currently, Ge(Li) detectors with sensitivities comparable 
to that of the most widely used 3" x 3" Nal(Tl) detector are 
commercially available (Malm 1966). Along with the develop­
ments of high resolution gamma ray spectrometry and its 
associated electronics came improvements in charged particle 
and neutron detection. These latter developments are very 
important for prompt activation analysis methods, and here one 
is likely to see the most rapid advances in activation analysis 
procedures and applications.
1. 6. Non-Destructive Analysis
The ideal analytical method is one that eliminates 
physical change and contamination of a sample. Compared with 
conventional techniques, nuclear methods of analysis appear 
to come close to satisfying this objective. Indeed, in 
favourable cases it has proved possible to determine one or 
more elements in a sample without any physical contact.
Nevertheless, one should be aware that activation analysis 
is the only technique that actually changes the isotopic ratio 
of elements in the sample, and in this sense, the method is 
strictly not truly non-destructive. On the other hand, the 
actual magnitude of the changes involved is relatively small 
and Figure 4- illustrates the number of atoms that are trans­
formed per second for a range of neutron fluxes and cross- 
sections.
Recent developments in prompt activation analysis 
methods are the improvements offered in the specificity of 
irradiation and radiation detection which can make purely 
instrumental analysis feasible for a number of elements in 
particular matrices. Currently, the specific activation of 
any element in any matrix is not possible. Radiation detection 
spectrometry also does not offer the resolution and simplicity 
of, say, optical spectrometry. In many cases the feasibility
- 10-
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of a purely instrumental method of activation analysis depends 
on the energy resolution and reduction in the Compton scatter 
background of a gamma ray detector. The current use of 
germanium for gamma ray detectors is due primarily to the 
availability of this material in very pure form as a side 
product of the semiconductor industry. Further improvements in 
gamma ray spectrometry require the development of higher atomic 
number gamma ray detectors (Dearnaley 1969).
1. 7* Outline of Activation Analysis Procedure
Activation analysis methods entail simply the preparation 
and irradiation of a sample followed by detection of the 
prompt or delayed radiations of a product nuclide. A require­
ment which practically dictates the entire analytical procedure 
is whether the aim of the analysis is to determine:
1. Trace constituents (less than 10 p.p.m.)
2. Minor constituents (0.001 to 1%)
3. Principal constituents (greater than 1%)
The type of irradiation facility which is available for 
activation dictates the particular method or reaction to be 
utilised for the element or elements sought. The availability 
of sophisticated radiation detectors and associated equipment 
can considerably simplify or even obviate the need for post­
irradiation chemical separation procedures. The matrix 
activity likely to be induced requires careful consideration. 
Prompt nuclear methods necessitate even more judicious choice 
of irradiation and detection systems v but these might be 
available in the nuclear physics laboratory and may simply 
involve the use of research equipment for a different objective. 
Figure 3 illustrates the general scheme of activation analysis.
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1. 8. Comparator Method
The absolute assay for an element in a matrix is made 
difficult by the lack of precise data of such factors as 
cross-section for the nuclear reaction, the flux and energy 
spectrum of the bombarding particles, the half-life of the 
induced activity, and finally the problem of making accurate 
absolute activity measurements (Plumb and Lewis 1955)* These 
uncertainties do not permit an accuracy for the absolute method 
of better than +_ 20% for the majority of elements. For these 
reasons most activation analysis methods use a comparator for 
the quantitative and qualitative analysis of an element in a 
sample.
In the comparator method a known weight of the element 
sought is irradiated simultaneously with the sample to be 
analysed, preferably for the same time, in the same flux, and 
the resultant prompt or delayed radiations ai?e detected with an 
identical counter geometry. Because of flux depression in a 
sample due to self-shielding effects caused by the presence of 
other elements of high ctposs-section, it is preferable to spike
the sample (or a matrix of similar elemental composition and
. \
size) with the element of interest within the range of 
concentrations expected, and use an extrapolation method for 
quantification (Leliaert et al. 1958). If the radiations 
emitted by the element in the sample and the standard are 
compared, then provided the irradiation and counting efficiencies 
are identical, the weight of the element sought is given by:
Weight of element = (Activity in sample) x (Weight of Standard) 
in sample * Activity in Standard
-14-
The comparator method is convenient for thermal neutron 
irradiation in a nuclear reactor where a reasonably uniform 
neutron flux can be expected over quite a large volume, and 
where the irradiated sample is reasonably transparent to the 
neutrons. Care should be taken to ensure that the sample and 
standard are approximately the same weight, shape, size and 
thickness (Gibbons 1965). For really accurate analytical work 
the effect of self-shielding due to the presence of elements 
with high neutron cross-sections should be investigated. In all 
other cases the effects of self-shielding can be minimised by 
the use of small samples. Difficulties can arise with 
irradiation in neutron and high energy photon beams from 
accelerators, or with charged particles where a narrow beam is 
fluctuating in intensity and position. A rotating sample 
holder is often used in these cases to ensure} that the sample 
and the standard are exposed to the same flux of particles, 
neutrons or photons.
1. 9- Sensitivity and Detection Limits
The sensitivity of any analytical method is equivalent to 
the idealised detection limit. This can be expressed as either
1. The absolute limit - smallest detectable weight of an 
element.
2. The relative limit - lowest detectable concentration of 
the element expressed as a percentage, parts per million 
etc.
Several authors have tabulated the sensitivity of thermal 
neutron radio activation analysis for most of the elements 
(Muelhause and Thomas 1950, Jenkins and Smales 1956, Meinke 
1959). These idealised detection limits provide a reasonable
guide for activation analysis methods that employ radiochemical 
separation procedures.
The sensitivity of any activation analysis method 
depends on the irradiation flux, the cross-section for the 
reaction, the irradiation time,, the detailed decay scheme and 
half-life of the radioactive product, the efficiency of 
detection of the prompt or delayed radiation from the element, 
and finally on the decay time from the end of irradiation to 
the start of counting. The idealised detection limits are also 
determined hy the counting period and counter background.
For non-destructive methods of activation analysis, the 
idealised detection limits can only serve as a guide, as the 
practical detectionlimits are difficult to predict. The 
energy of the gamma rays emitted by the matrix will have a 
large influence on these detection limits. In practice, 
radioactive products that emit high energy gamma rays suffer 
less matrix interference and therefore provide better 
agreement between the theoretical and practical detection 
limits (De and Meinke 1958). Selectivity in both irradiation 
and radiation detection procedures can also affect the practical 
detection limits of a non-destructive method. Also the 
detection of coincident gamma radiation can result in large 
reductions in interfering backgrounds, albeit with a reduced 
detection efficiency. Nevertheless, in a well designed system, 
the improved signal to background ratio can sometimes lead to 
an overall improvement in the detection limits for some elements, 
1. 10. Sensitivity Limits for Neutron Activation Analysis
Several tabulations of the sensitivity of thermal neutron
-16-
radioactivation analysis have been compiled for radiochemical 
separation followed by beta particle and gamma ray detection.
The energy and half-life of the beta particles and gamma rays 
emitted by the product nuclide can influence the detection 
limits. It is assumed in most of the sensitivity compilations 
that beta particles can be counted with ah absolute efficiency 
of 1 to 10% using a geiger counter, and gamma rays can be 
counted with similar efficiencies using a 3" x 3" Nal(Tl) 
detector. The gamma ray detection efficiency of the Ge(Li) 
detector is, however, more strongly dependent on gamma ray 
energy, and can vary from 0.1 to about 10% over useful energy 
ranges.
Three charts have been prepared of sensitivity limits
based on irradiation periods of 6 minutes, 10 hours and 1000
12 —2 —1hours in a thermal neutron flux of 10 n cm” sec” (Meinke
1959). .The calculations do not include the time required for
radiochemical separation. The number of grammes of an element 
required to give about 60 counts per minute with a geiger 
counter hss been defined as pS, where pS = - log (sensitivity 
in grammes) (Schindewolf 1958)- This parameter pS is similar 
to pH in acid-base work, and is used as a convenience in plotting 
these sensitivities. The values of pS have been adjusted for 
gamma ray detection with a 3" x 3" Nal(Tl) detector, and Figure 
6 depicts these adjusted values plotted versus half-life of the 
radioactive product to show the elements that afford the best
sensitivity for an irradiation period of 60 minutes in a thermal
12 -2 -1 neutron flux of 2.0 x 10 n cm sec .
The sensitivity of fast neutron activation analysis has
been discussed in terms of an 'analytical usefulness parameter1
designated 0 (Schulze 1964). With an irradiation time of 36
9 -1seconds in a fast neutron flux of 10 n cm-2 sec t
-17-
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and 0 = -2 + log S for Tj ^>36 seconds
where the saturation activity S * 0,6025 x atomic cross-section 
in d.p.s. mg in barns x 10
mass number of target nuclide
When different nuclear reactions are possible for the same
element, the reaction yielding the highest 0 gives the best
sensitivity. The value of 0 can also be adjusted for other
activation situations that may be more convenient for the
particular element sought.
Table 1 is a compilation of the idealised interference-
free detection limits for 69 naturally occurring elements using
radiochemical beta ray and instrumental gamma ray detection
(Guinn and Lukens 1965)• The sensitivities are based on an
irradiation time of 1 hour or less for products of shorter
1? -? -1
half-life in a thermal neutron flux of 2.0 X 10 n cm sec 
which is fairly typical of the flux in the most widely availabl 
research reactors.
The radiochemical beta-particle sensitivity assumes that 
an end window geiger counter is used with an: efficiency of 40% 
and a limit for counting of:
100 cpm for induced activities with T^ 1 hour 
10 cpm for induced activities with T^ ^>1 hour.
A yield of about 50% is assumed for the chemical separation 
procedure, together with a "cooling" time of 15 minutes or one 
half-life, whichever is longer.
The idealised interference-free sensitivities for 
instrumental gamma ray detection assume the use of a shielded 
5" x 3" Nal(Tl) counter, and the detection limit count rate of 
the photopeak is:
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TABLE 1 COMPILATION OP IDEALISED UNTKKPEKEN US~E.tt.EE ■UETSUTlUfl DIMITY ivrrn a
THERMAL NEUTRON FLUX OFfl.ox 1012n cm**2 see" 1
. -n , , . , Radiochemical Beta Instrumental gammaElement Product isotope   ,,, ,, _ . ®* ray sensitivity pig ray sensitivity yog
A g 2.3-m 108Ag 0.005 0.005
24-s 11°Ag - 0.0001
A1 2.3-m 28A1 0.1 0.01
As 27-h 76AS 0.001 0.005
Au 2.7-d 198Au 0.0005 0.0005
Ba 85-m 139Ba 0.05 0.1
Bi 5.0-4 21 0.5 —
Br 17.6-m 8QBr 0.005 0.005
36-h 82Br 0.005 0.01
Ca 8.8-m Ca 1.0 5
Cd 54-h 115ca 0.05 0.5
Ce 32-d 141Ce 1 1
32-h 143Ce 0.1 0.1
Cl 37-m 38C1 0.01 0.1
Co 10.3-m 60mCo 0.005 0.1
5.3-y ^ °Co 0.5 0.5
Cr
Cs
27-3 51 Cr 
2.2-y 134Cs
(nop
0.5
1
0.5
Cu 12.8-h 64Cu 0.001 0.001
5.1-m 8^ Cu 0.01 0.05
% 2.3-h 165By 0.000001 0.000005
Er 9,4-a 169Er 0.1 —
7.5-h 171Er 0.001 0.001
Eu 9.3-h 152mEu 0.000005 0.0005
P 11-s 20P — 1
Pe 45-a 59Pe 50 200
Ga 14-h 72Ga 0.005 0.005
Gd 18-h 159Gd 0.01 0.05
Ge 82-m 75Ge 0.005 0.05
11-h 77Ge 0.5 —
Hf 19-s 179mHf — 1
Hg 65-h 197Hg (no^>) 0.01
Ho 27-h 166Ho 0.0001 0.0001
I 25-m 128I - 0.005 0.01
In ' 116mT 54-n in 0.00005 0.0001
Ir 19-h 194Ir 0.0001 0.001
K 12,5-h 42K 0.05 0.05
La 40-h 14°Ia 0.001 0.005
Lu 3.7-h 176Lu 0.00005 0.00005
6.8-8 177IlU 0,0005 0.005
-20- (a)
Mg 9.5-m 27% 0.5 0.5
Ivin 2.6-h 56lfa 0.00005 0.00005
Mo 15-m 101 Mo 0.1 5
67-h 99Mo 0.5 0.1
Na 15-h 24ffa 0.005 0.005
1Tb 6.6-m 94mUb 0.005 1
m 11.6-d  147Na 0.1 ‘°.i
Ni 2.6-h 6%i 0.05 0.5
Os 31-h 1930s 0.05 —
P 14.5-a  32P 0.5 ...
Fb 3.3-h 209Pb 10 M M
Pd 4.8-m 109mpa 0.05
13.6-h  io 9Pa 0.0005 5
Pr 19-h 142Pr 0.0005 0.05
Pt 31 -m 199Pt 0.05 0.1
3.2-a 1 "au0 ^ 0.1 0.1
Rb 18,6-a BbHb 0.05 5
Re 91-h  186Re 0.001 0.05
17-h 188Re 0.0005 0.001
Rh 4.4-m 104mRh 0.001 0.0005
4.2-s 104Rh 0.01
Ru 40-a 103Ru 0.5 1
4.5-h 1°5Ru 0.01 0.05
S 87-a 33S 10 —
5.0-b37S 5 200
Sb 2.8-a 122Sb 0.005 0.01
Sc 84-a 46s0 0.01 0.05
S© 120-a 75Se 
*
(no/0 5
Si 2.6-h Si 0.05 500
Sm 47-h 153Sm 0.0005 0.005
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1000 cpm for induced activities with Tj. < .  1 minute
100 cpm for induced activities with T^ of 1 to 60 minutes
10 cpm for induced activities with hour.
It is assumed that samples are counted immediately after 
irradiation with the sample 2 cm from the detector.
The best sensitivity values for each element with beta
particle or gamma ray detection have been taken and summarised
in Table 2, which classifies the number of elements that can
be detected in various ranges of minimum detectable weight.
_oThe median sensitivity is of the order of 10 ug, which 
represents a relative limit of 10 parts per billion in a 1 g 
sample.
With an increase in thermal neutron flux and/or 
irradiation time, all the sensitivities can be further 
improved. With a longer irradiation time, the indicated 
sensitivity of more than half the elements can be improved by a 
factor of 5 to 10 using a 10-hour irradiation period, and 5 to 
100 with the use of a 100-hour irradiation period. The use of 
longer counting periods can, in many cases, also improve the 
sensitivity by a factor of about 10.
1. 11. Sensitivity Limits for Charged Particle Activation
Analysis
The sensitivity of charged particle activation analysis 
methods cannot be concisely stated because of the great 
variety of nuclear reactions, product nuclides and detection 
methods which are possible. The prompt products of a charged 
particle reaction may include neutrons, protons, deuterons, 
alpha particles, gamma rays .etc. In general, charged particle 
methods are less sensitive than thermal neutron activation, anc 
in addition considerably more care is required. However, the
- 2 1 -
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method can usually detect sensitively those elements for which 
thermal-or fast neutron radioactivation analysis sensitivities 
are poox* (Engelmaim 1965, Markowitz and Mahoney 1962), and this 
is the reason for the current growth of interest in the 
technique. Often the radionuclides produced by charged particle 
activation emit only positrons, so that decay curve analysis 
a/id/on radiochemical separation procedures must be used. The 
exact mass of a sample analysed by a charged particle beam is 
difficult to determine precisely. The cross-section for the 
reaction utilised may have an energy threshold, and the
bombarding beam may be continually fluctuating in position. For
. . . -2this reason, sensitivities are sometimes quoted as yugcm in plac<
of a minimum detectable mass or concentration.
Ricci and Hahn (1968) have determined the thick target
. ^
idealised detection limits of 18 MeV nie activation analysis for 
15 low atomic number elements (Z = 4 to 20).. With an accelerator 
beam of 100 pA, all the detection limits are in‘the range of 
parts per million to parts per'billion.
A number of charged particle methods can compete with 
neutron methods in the idealised detection limit for a number of 
elements. However, the relative limit or lower detectable 
concentration does not generally compare favourably because of 
the small sample size analysed.
The sensitivity of prompt methods of activation analysis 
is currently restricted by counting rate problems in instrumen­
tation. In this procedure, the saturation factor does not enter 
into a consideration of sensitivity, and the sensitivity 
improves with irradiation time in a linear manner. In practice, 
a high background due to competing reactions in the matrix can
be a serious limitation, together with the difficulty in 
detecting the desired radiation in a mixed flux of emergent 
radiation. For example, it may be desired to detect gamma 
rays from the reaction of interest among a high flux of 
neutrons from other reactions in the sample or radiations from 
other parts of the radiation facility.
1. 12. Errors in Activation Analysis
The primary considerations pertinent to any analytical 
method are sensitivity, selectivity, accuracy and precision. 
Secondary considerations include scope of the method, 
sampling, standards, cost and time of analysis. In a strict 
analytical sense all these considerations are interrelated.
The precision of an analytical method reflects the reproduci­
bility of the experimental result, whereas accuracy is 
concerned with systematic and statistical errors (Morrison and 
SRogerboe 1965). An analytical method can, for example, yield 
very precise but inaccurate results if systematic errors due t 
sampling and contamination are present. There have been very 
few critical discussions on the accuracy and precision of 
activation analysis methods.
If one can assume that the samples are representative of 
the matrix analysed, the principal sources of error that can 
aris.e in activation analysis are due to flux inhomogeneities i 
irradiation as in self-shielding of neutrons, irreproducible 
activation and counting geometry, beta particle and gamma ray 
scattering and absorption in large samples, and statistical 
limitations in counting. One of the main advantages of 
activation analysis compared with other analytical methods is 
the almost complete absence of contamination after irradiation
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However, contamination can arise during irradiation due to 
transfer of material from the walls of sample containers or 
from a vacuum pumping system in charged particle irradiation, 
in addition to the danger of pre-irradiation contamination 
(Bowen and Gibbons 1965)*
The problems of self-shielding are only significant for 
thermal neutron irradiation, and can be minimised by using 
small samples or by spiking some of the samples with a known 
amount of the element sought. Small samples of the order of 
10 to 100 mg are less affected by self-shielding but the relative 
detection limits are reduced for given irradiation and counting 
conditions. The optimum sample size is one in which self­
shielding corrections do not amount to more than about 10%.
The sample size must also be sufficient to overcome inhomoge­
neity problems.
Since gradients exist for all types of irradiation flux, 
it is desirable that the samples and standards have virtually 
the same shape and size. If vertical and horizontal gradients 
exist as in thermal neutron fluxes of small modern reactors, 
corrections must be applied (Wyttenbach 1971)*
The errors that arise due to particle and gamma ray 
self-scattering and self-absorption in a sample generally start 
to become significant for sample masses above one gramme. Most 
gamma rays are emitted in cascade, so the observed relative 
intensity of two gamma rays of different energy emitted by the 
product nuclide can point to diis problem, which can be 
circumvented by analysing smaller samples, or the use of 
appropriate correction factors if the geometry is simple.
The statistical limitations associated with the 
detection of radioactivity are considered in the next 
chapter. This problem is common to all analytical methods
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when the magnitude of the signal is comparable to that of 
the random variations of the background, A further source • 
of error that can arise but not be readily predicted is the 
unusual isotopic ratios of some rocks and meteorites. This 
error has often been put to advantage in determining the 
isotopic ratio of rare samples e.g. lunar surface analysis 
(Mapper 1971). Yet another source of error often overlooked 
can arise from interfering reactions and this is considered 
in the next subsection.
In spite of the great sensitivity and selectivity of 
activation analysis, the method is subject to a large number 
of possible errors, most of which can in principle be predicted 
and avoided. With maximum care, an accuracy of 1 to 2% may be 
obtained for the analysis of most elements. It is generally 
accepted that the errors of radiochemical and instrumental 
gamma ray methods are 2 to 5°/o and 5 to 15^ respectively. A 
study of several rocks, minerals and meteorites by activation 
analysis demonstrated that a precision of better than.-10$ can 
be expected (Cabell and Smales 1957). An accuracy of better 
than -10°/o for the analysis of trace elements in National
Bureau of Standard aluminium alloys has been reported (BrooksbarJ
{
(1956). In some cases accuracy has been limited by the diffi­
culty in obtaining standards of accurately known composition
12between 1 ppm and 1 part per 10 . Bor most analytical problems
it is possible to fabricate a suitable standard by spiking, 
weighing accurately substances of known elemental composition, 
or by preparing standard solutions of the desired dilution 
(Smith 1967).
1. 13. Interferences
Excluding contamination problems that can arise in the 
treatment of samples before irradiation, there are two types
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of interference associated with the method. These are:
1. Instrumental interferences in detecting the radiation 
emitted by a particular reaction product,
2. Interfering reactions.
The interferences that arise due to instrumentation 
are numerous and varied. In gamma ray spectrometry, direct 
interferences arise due to the finite energy resolution of the 
detector. The interfering photopeak can often be removed by 
proper choice of irradiation and/or decay time, spectrum 
stripping or computational methods. Other direct interferences 
that cannot be easily removed arise from escape, X-ray and 
backscatter peaks of gamma rays emitted in cascade. Indirect 
interferences arise from bremsstrahlung production in the 
sample and beta particle absorbers placed between the sample 
and the crystal, Compton interactions of higher energy gamma 
rays in the detector and encapsulation, and laboratory background 
Similar direct and indirect interferences occur in the 
detection of neutrons or charged particles. Backscattering 
and absorption problems are important in beta particle detection. 
Another interference that can occur is in the analysis of 
multiple decay curves.
All the indirect interferences worsen the sensitivity 
limits, since they enlarge the statistical fluctuations of the 
desired signal.
Interfering reactions, on the other hand, arise when the 
radioisotope of interest is produced via several alternative 
nuclear reactions. During reactor neutron activation, matrix 
elements of atomic numbers greater (or less) by 1 or 2 than 
that of the element sought may take part in (n,p) or (n, <X )
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reactions respectively with fast neutrons present, and can 
contribute to the activity of the (n, X ) product of another 
element; e.g. the analysis of aluminium by the reaction 
2^Al(n, X )28A1 is complicated by the reaction 28Si(n,p)28Al 
for silicon and the reaction P(n,oC) A1 for phosphorus.
Also (n,X ) reactions on an element one place lower (or higher) 
in the periodic table than the element of interest followed 
by beta or positron decay may alter the isotopic ratio of 
the element sought; e.g. a germanuim matrix could interfere with 
the analysis of arsenic via ^Ge(n, X )^Ge— J?As (n, )( ) ^ As 
(Smales and Pate 1952), It is generally possible in thermal 
neutron radioactivation analysis to evaluate the extent of 
these interferences by using a cadmium or boron absorber to 
suppress thermal neutron reactions. On the other hand, in 
charged particle activation analysis these interferences are 
often difficult to predict, A possible solution here might be 
to vary the energy of the irradiation particle or spike the 
sample with the element sought and the element suspected of 
interference. In all cases it is necessary to consider the 
possibility of such interferences before the analysis is 
undertaken, so that some estimate of their effect can be 
predicted. In some cases the extent of interfering reactions 
can sometimes be provided from a search of the alternative 
radioactive products of other isotopes of the same element.
1. 14. Applications of Instrumental Activation Analysis
This thesis examines the detection limits of various 
types of purely instrumental activation analysis applied to 
a range of analytical problems. In particular, the majority 
of the work deals with the impact of high resolution solid 
state detectors on prompt and delayed activation analysis
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with both neutrons and charged particles. No radiochemical 
work has been attempted. The background literature is 
reviewed and discussed in each chapter as appropriate.
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CHAPTER 2 
ACTIVATION ANALYSIS METHODS 
2 - 1 • Thermal Neutron Radioactivation Analysis
Thermal neutrons are defined as neutrons with energies 
comparable to the thermal agitation energy of the atoms and 
molecules of the substance through which they are passing.
At 300°K these neutrons have energies in the range 0 to*A eV
— i
and an average velocity of 2200 m sec with a mean energy of
0.025 ©V. Thermal neutrons may either gain or lose energy in 
elastic collisions with nuclei and the result is a Maxwellian 
distribution of velocities.
The absence of a Coulomb barrier for neutrons means that 
they readily enter target nuclei and induce nuclear reactions 
with cross-sections that generally substantially exceed those 
of reactions with other particles. The wave nature of the 
neutron causes the upper limit of the reaction cross-section 
to be defined semi-classically as:
rf = "TT (r + X)2
where X is the de Broglie wavelength of the incident neutron
in the centre of mass system and R is the sum of the radii of
the two reacting particles. Figure 7 illustrates the
variation of the geometrical cross-section (target area
presented to a neutron) of the nucleus with mass number where
-13the constant rQ = 1.25 x. 10  ^cm and the range of nuclear
forces b = 1.0 x 10“^  cm (Coon et al. 1952).
Thermal neutron reactions proceed almost exclusively 
through the formation of a compound nucleus. Since the 
excitation energy barely exceeds the binding energy of the 
captured neutron, this is emitted principally as gamma 
radiation; hence the dominant reaction for thermal neutrons 
is the (n,^) radiative capture reaction. However, for
-30-
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some nuclei of low atomic number, reactions other than neutron 
capture are possible and a charged particle can he emitted, 
e.g. the '(n,c*) reactions with ^Li and ^B, and the (n,p) 
reaction for Excitation functions for (n, )f) reactions
are characterised by narrow peaks or resonances where the cross- 
section can assume large values if the energy of the incident 
neutron is just large enough to create an excited state of the 
compound nucleus. The position and strength of these resonances 
depend on the properties of the excited states and vary widely 
for different isotopes (Hughes and Schwartz 1957)•
Thermal neutron radioactivation analysis is currently 
the most common method of activation analysis. Some of the 
advantages of the method are:
1. The minimum number of competing nuclear reactions with 
thermal neutrons compared with charged particle reactions.
2. The majority of elements have a relatively high thermal 
neutron capture cross-section.
3. In general self-shielding effects are less pronounced, 
so that the neutron flux in a large sample is not 
significantly modified.
4. Sample size and shape restrictions are relaxed'.because of 
the relatively homogeneous thermal neutron flux over a 
large volume. Also many samples can be irradiated 
simultaneously for an analytical programme. The method 
is, therefore, readily applicable to the analysis of, 
say, biological samples.
Although nuclear reactors provide the most intense and 
widely used irradiation source of thermal neutrons, reactions 
with the fast neutrons which are also present can complicate 
the analysis. The extent of these interfering reactions can
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normally be predicted and corrected for by irradiation with 
and without cadmium shielding to suppress the thermal neutron 
flux. In favourable cases, the analyst can search for 
alternative radioactive (n, ^  ) products of the different isotopes 
of a given eleJtoent.
2. 2. Practical Aspects of Thermal Neutron Radioactivation
Analysis
The relatively relaxed restrictions on sample size and
shape for thermal neutron radioactivation analysis make
pre-irradiation chemical treatment of the samples rarely
necessary. The containment of a sample depends on the total
neutron flux and dose to be used and, in some cases, temperature
*12effects. For typical neutron flux irradiation, 0 * 2.0 x 10 n 
-2 -1cm sec , the sample can be simply sealed in a polythene 
container and transferred after irradiation to a nclean" 
capsule. If the composition of the sample is unknown, a 
preliminary irradiation is useful for a qualitative inspection, 
and may aid in the choice of a suitable standard to be prepared 
for simultaneous irradiation. A useful set of practical 
procedures has been detailed for the pre-irradiation treatment 
of biological samples undergoing thermal neutron irradiation 
(Bowen and Gibbons 1963)• Por the irradiation of samples in 
very high thermal neutron fluxes or large neutron doses, 
sample degradation can result from radiation damage and heat 
generated in the sample. The container in these cases is 
normally ultra-pure quartz tubing. Here, the samples are 
sealed in quartz ampoules prepared by working silica tubing 
with an oxygen/coal-gas flame. Alternatively, for clean sealing 
one could utilise focussed infra-red radiation from a suitable 
source. For all thermal neutron irradiations, care should be
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taken to ensure that the sample and standard are approxi­
mately the same size, shape, weight and thickness so as to 
minimise and equalise the effects of inhomogeneity in flux * 
and self-attenuation,
2. 3. Sources of Thermal Neutrons
Irradiation sources for thermal neutron radioactivation 
analysis are currently the most widely available. Table 3
lists some sources with the typical limits on the range of 
fluxes obtainable from each souroe.
TABLE 3
Thermally Moderated Primary
- 2 - 1Flux n cm sec Source
Sealed sources 10^ - 1 04 (0C»n)-(Jf\>n
Reactors 104 - 101  ^ ' (fission)
Californium 252 104 - 10^ (fission)
The intense flux and wide availability of nuclear 
reactors have made them the most widely used source for thermal 
neutron radioactivation analysis. Particle accelerators can 
also provide modest thermal neutron fluxes by slowing down the 
fast neutrons of (d,n) and (p,n) reactions. However, beam 
instabilities, target damage problems and the cost of utilising 
an accelerator solely for activation analysis are serious 
limitations.
2. 4. Detection of Induced Activity in Thermal Neutron
Radioactivation Analysis 
In thermal neutron radioactivation analysis, detection of 
the radiation emitted by a product nuclide provides qualitative 
proof of the presence of an element, and quantitative 
information on the amount of the element. Before the advent of 
the scintillation counter, beta-particle detection was used 
with post-irradiation chemical separation procedures.
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Qualitative proof was provided by beta-particle energy 
determination with absorbers and measurement of the half-life of 
the induced activity. The scintillation counter helped to 
simplify these chemical separation procedures and made 
simultaneous multielement analysis feasible. Measurement of 
the relative intensity of gamma rays emitted in cascade also 
helped in the identification of product nuclei. The presence 
of bremsstrahlung and beta particles complicate the gamma ray 
spectrum stripping method, and significant errors in 
quantification have been found (Coleman et al. 1967).
The superior energy resolution offered by the Ge(Li) 
detector can help to eliminate the problems associated with 
spectrum stripping methods and frequently lead to further simpli­
fication of tedious chemical separation procedures. In addition, 
the Ge(Li) detector should permit the utilisation of short-lived 
(n, X ) products for analysis, as considerably more product nuclei 
can be positively identified from a single gamma ray spectrum,
2. 5. Past Neutron Radioactivation Analysis
Past neutrons are defined as neutrons possessing, an energy 
exceedingA50keV which enables them to give rise to a wide 
range of energetically dependent reactions. Some examples of the 
competing nuclear reactions possible are (n,n* K ), (a,p)> (n>°^)> 
(n,2n) etc. The cross-section of these nuclear reactions are 
generally lower than those of thermal neutron capture, often by 
several orders of magnitude and the majority have an associated 
threshold energy. The energy of the neutrons available and the 
nature of the target nucleus involved can therefore decide 
whether the method is feasible-* The threshold for fast neutron 
reactions is typically between^ and 12 MeV. Por some elements
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fast neutron activation is of interest because the (n,Y) 
capture cross-section is small or produces a stable product, 
e.g. nitrogen, oxygen, fluorine, lithium, iron, etc., and in 
these cases fast neutron radioactivation analysis can provide 
improved sensitivity (Yule, Lukens and Guinn 1965)•
Some of the sources which provide fast neutrons for 
radioactivation analysis are nuclear reactors (fission 
neutrons), particle accererators, Californium 252 and sealed 
alpha-particle or high energy photo-neutron sources. Table 4 
lists these sources with the typical flux and mean fast neutron 
energy spectrum for each source.
TABLE 4
Source Neutron Energy
Typical Flux
-2 -1 n *cm sec
Nuclear reactor fission 108 — c=
Particle accelerators 'vl to 20 MeV iq5 — <=-1012
Californium 252 mean ^  2 MeV 10^— c=
ov~OVh
Sealed alpha (o< ,n) a* 1 to 8 MeV 104 — c=-107
Photo-neutron ( ^,n) /v 20 KeV to 1 MeV 104 — c=
Currently, nuclear reactors provide the most widely 
used source of fast neutrons for radioactivation analysis 
principally because of the large flux provided and wide 
availability. But a serious problem in using these fission 
spectrum neutrons is the large level of thermal neutron
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capture product activities produced, which can obscure the 
fast neutron induced activities in spite of screening out 
thermal and resonance neutrons with cadmium or boron layers.
It is frequently necessary, therefore, to employ post­
irradiation chemical separation for the fast neutron activation 
products of elements of interest. The wide energy spectrum 
of the fission neutrons also complicates attempts at absolute 
analysis, since interpretation of the induced activities is 
difficult. Attempts to define an effective cross-section to 
simplify this problem have been devised (Hughes 1955)- The 
use of a comparator method in fast neutron radioactivation 
analysis precludes this complication.
Particle accelerators have been utilised for fast neutron 
radioactivation analysis, and here an essentially monoenergetic 
beam can be obtained so that threshold discrimination of a 
particular reaction for a particular isotope can be exploited 
(Neuert and Pollehn 1965). In practice, the fast neutron 
fluxes obtainable are limited by charged particle target 
damage and beam instabilities. Nevertheless, the technique 
could lead to advantageous schemes for the analysis of some 
elements, particularly if presently attainable fluxes could be 
increased by several orders of magnitude (Wainerdi 1966).
Californium 252 spontaneous fission sources have 
recently become available as an alternative source of fast 
neutrons of mean energy approximately 2 MeV. This radioisotope 
has a half-life of 2.2 years and can be fabricated in any reaso­
nable geometry. For a 50 mg source equivalent to 24 curies, tin
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1 1 - 1neutron output is 10 n sec , which could be useful for the 
selective activation of some elements. Alternatively, this 
fast neutron source could be used with a suitable moderator as 
a thermal neutron source (Nucleonics 1956), but contamination 
problems similar to those encountered with thermal neutron 
fluxes from nuclear reactors would be present.
Radiation damage problems are not of any real concern 
with currently available fast neutron fluxes. The preparation 
of samples and detection of the induced activity are the same 
as those detailed for thermal neutrons.
2. 6. Resonance Neutron Radioactivation Analysis
Neutrons lying in the energy range 1 e-V to 1 MeV are 
referred to as resonance or epithermal neutrons because many 
isotopes exhibit sharp cross-section peaks which occur at 
discrete neutron energies. These resonance neutrons can be 
obtained from the fission neutrons generated by placing a thick 
convertor thimble containing fissionable in a thermal
neutron flux. If the thimble is placed in the, neutron flux of 
a nuclear reactor, practically all the thermal neutrons 
incident on the thimble are captured or absorbed by the uranium 
(Cranberg and Nereson 1955)* The resultant neutron flux in the 
thimble can be converted to resonance neutrons by the use of a 
lining of boron, cadmium etc. These linings selectively 
exclude certain groups of neutrons which are desirable for the 
analysis of a specific element. In this way the activation of 
elements with large resonance capture cross-sections can be 
enhanced (Borg et al. 1961). In practice, for pile neutron 
irradiation the specific activation of a particular isotope is 
only possible with a large loss in neutron flux.
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The technique of specific activation with neutrons of 
a particular energy should, in principle, make it possible 
to increase the sensitivity of neutron radioactivation analysis. 
Monochromatic sources of neutrons are available from particle 
accelerators, but the fluxes are limited. Target damage problem* 
associated with increasing the flux are a serious handicap.
Calculation of the resonance integrals of the cross- 
sections for isotopes of interest for selective radioactivation 
analysis can show whether shielding is of benefit for a non­
destructive determination. A method of determining the slow 
neutron energy spectrum in a nuclear reactor from a measurement 
of the induced activities of a set of foils or wires has been 
outlined (Carver and Morgan 1961). The choice of a standard for 
resonance radioactivation analysis is important, since the 
problem of self-shielding in a thick sample will considerably 
modify the neutron flux, and can lead to large. errors in the 
analysis.
2. 7. Charged Particle Radioactivation Analysis
This is currently the field in which major advances are 
being made for the selective, and in some cases the specific, 
radioactivation analysis of many elements. Unlike neutron 
radioactivation analysis, the method enables a selected area 
and depth to be specified for the analysis, since monoenergetic 
charged particles can be focussed and have a well defined range 
in matter (Rubin et al. 1957). This can be considered an advan­
tage for some analytical problems where the aim of the analysis 
might be different to that using neutrons. The method is also 
chosen for elements which exhibit low thermal neutron capture
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cross-sections or lead to stable products. Additionally, it 
can offer a non-destructive method of analysis of alight 
element in a high atomic number matrix because of the 
differences in the Coulomb barrier, which depends on the 
positive charge on the nucleus. The energy of the particle 
inducing the nuclear reaction can be varied for the specific 
activation of a particular isotope. In some cases charged 
particle reactions exhibit a resonance which could be used 
to study the depth profile of thin layers of certain elements.
The limited range of the charged particles in the sample 
results in considerable heat dissipation in the surface layers, 
which may abrade the sample. Contamination of the surface can 
occur readily. The comparator technique outlined previously 
considerably simplifies analysis by charged particle radio­
activation (Engelmann 1965)* This is primarily a problem 
because of the reaction cross-section changes involved as the 
charged particle loses energy in the sample (Ricci and Hahn. 
1969).
Finally, important requirements for the application of 
this method to any analytical problem are resistance to 
degradation by the charged particle beam, carefully cleaned 
and uncontaminated surfaces and, normally, a minimum surface 
area of about 1 x 1  mm, although recent developments (Cookson 
and Pilling 1970) in production of micro-focussed beams have 
reduced the beam spot diameter to less than 10 jm using a 
Van de Graaff accelerator. These criteria render it difficult 
to apply the method to many biological samples. Other problems 
inherent in charged particle analysis are sample inhomogeneities 
and the preparation of standards which closely resemble the
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sample in physical and chemical characteristics. Some of the 
charged particles that have been used are protons, deuterons, 
helium-3 and alpha particles.
2. 3* Photon Radioactivation Analysis
Whereas neutron radioactivation analysis relies on 
neutron-rich radioisotopes produced by thermal neutron capture, 
the use of high energy photons generally results in neutron 
deficient isotopes produced by ( ^,n) reactions (Chadwick and 
Goldhaber 1934-). The radioactive products of these reactions 
are normally pure positron emitters, and can be identified in 
favourable cases by decay curve analysis. Photon radio­
activation analysis has been reviewed, and the method is 
considered useful for the determination of light elements such 
as oxygen, nitrogen, carbon and fluorine (Baker 1967). The 
( ^,n) reaction, being endothermic, has an energy threshold as 
well as a high energy ( ^  13 MeV) for the maximum reaction 
cross-section. Por some elements the method can prove to be 
a useful alternative to thermal neutron radioactivation analy­
sis (Macgregor 1957). If the prompt neutrons can be detected, 
the method of threshold activation with photons for some 
elements is possible.
The decrease in cross-section after the maximum is 
reached is caused by competing nuclear reactions such as ( ^,2n) 
( ^,pn), etc. These reactions become more marked with increa­
sing photon energy. The threshold energies and energy of the 
maximal cross-section for ( V" ,n) reactions have been studied as 
a function of mass number (Nathans and Halpern 1954-). The thres 
hold energies decrease fairly smoothly from about 22 MeV for hel 
ium to 6 MeV for uranium. Deuterium and berylium show
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an anomalous behaviour and exhibit energy thresholds of about 
1.6? MeV and 2.2 MeV respectively. Suitable monoenergetic 
high energy photon sources are not available in sufficient 
intensity for photon radioactivation analysis, so a linear 
accelerator is necessary. By varying the energy of the electron 
beam of a linear accelerator, the maximum energy of the 
bremsstrahlung produced in a high atomic number target can be 
used to discriminate between various reactions.
Since the photon fluxes available for photon radio­
activation analysis are not generally as large as thermal 
neutron fluxes and the cross-section of ( Y ,n) reactions are 
much smaller than those of (n, Y ) reactions, photon radio­
activation analysis has not been widely used. However, some 
advantages of the method are the reduced self-shielding and 
sample containment problems, and the possibility of selective 
activation of certain isotopes by utilising the threshold 
energy discrimination to reduce interference from other elements 
in the matrix. For some of the light and heavy elements not 
suitable for thermal neutron radioactivation analysis, photon 
activation might prove to be a useful alternative (Lukens et 
al. 1961). An interesting consideration here is that the 
radioactive products in patients undergoing high energy X-ray 
therapy with a betatron accelerator may be useful in measuring 
the amount of oxygen in irradiated tissues (Hedland-Thomas 1972)*
The preparation of standards, irradiation and detection 
requirements outlined for thermal neutron radioactivation 
analysis also apply.
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2. 9. Prompt Activation Analysis
Methods of prompt activation analysis, sometimes 
referred to as nuclear reaction analysis, appear to offer 
the best scope for purely instrumental analysis (Isenhour 
and Morrison 1966). Most particles which induce a nuclear 
reaction result in the emission of a prompt particle which is 
either a charged particle, photon or neutron. Prompt 
activation analysis looks promising because of the flexibility 
offered to the analyst in the choice of the bombarding 
particle, its energy, type of reaction and the prompt particle 
used for analysis (Peisach 1968). The suitability of this 
technique depends upon the aim of the analysis and the state 
or condition of the sample. Prompt techniques also embrace 
analysis by nuclear scattering of charged particles., photons 
or neutrons. Alpha particle scattering and neutron inelastic 
scattering in particular have received renewed interest for 
specific analytical problems, for example lunar surface 
analysis (Turkevitch 1967). The choice of a prompt activation 
analysis technique depends on the aim of the analysis and 
primarily 021 the sophistication of the nuclear instrumentation 
available to the analyst. The detection of the prompt emitted 
particles sought in the presence of unwanted background 
radiation demands a detector that is sensitive specifically 
for a particular type of prompt particle or radiation (Amiel 
1964). This can dictate whether the analysis is feasible.
For example, an alpha particle etched track detector such as 
amyl acetate can be used to detect boron in the presence of 
an almost unlimited flux of neutrons or photons (Schwartz et 
al. 1964). Fissionable nuclides can also be detected with
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extremely high, sensitivity using fission track detectors.
Some of the advantages of prompt methods are:
1. It is often a single-step process with all the information 
available at the end of the irradiation.
2. No production of radioisotopes is necessary.
3. No saturation limitations are involved. However, 
limitations are imposed because no separation is possible 
between irradiation and detection. Consequently decay
of short-lived isotopes during irradiation may lead to 
complex particle or photon spectra.
4. The linear acquisition of data with time of analysis.
In practice the analysis time might be restricted by 
dose limitations or the cost of the analysis.
2. 10. Cyclic Activation Analysis
This is an analytical method based on repeated pulse 
activation analysis in which a simple instrumental method is 
devised to exploit short half-life products of nuclear reactions 
(Tani et al. 1969). In the past, activation analysis methods' 
have been based on either the use of product radionuclides with 
convenient half-lives, or essentially prompt radiations emitted 
by the compound nucleus returning to its ground state. Nuclear 
physicists have developed and applied pulse activation technique* 
to the assignment of numerous isomeric states with half-lives 
ranging from a few microseconds to seconds (Kantele and Tannila 
1968). However, few radiochemists are currently aware of this 
powerful tool available for the measurement of short half-life 
products. The pulse activation method is now termed cyclic 
activation.
Cyclic activation is characterised by short irradiation, 
cooling and measuring times, and data is accumulated by 
repeated operation. The pulse method differs from the prompt
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method in that irradiation is shut off during measurement, 
which can greatly reduce the background for induced activities / 
of very short half-lives. With a pulsed accelerator beam no 
transfer of the sample from irradiation to measurement is 
required, whereas with a reactor^a fast rabbit system can be used 
to transfer the sample between irradiation and detection 
positions.
In the past, simple instrumental systems for pulsing a 
source of neutrons have not been readily available. Currently, 
several systems are available for obtaining pulses of a host of 
particles. A simple pulse activation analysis set-up might con­
sist of a pulsed neutron beam or generator, a time analyser and 
a gamma ray detector (Chen and Fremlin 1970.) that could be pro­
tected against overload operation by a simple gating device. 
Different irradiation, decay and counting periods can be 
chosen to optimise the signal to background of the element 
s ought.
The feasibility of cyclic activation analysis for sodium 
using 2^mUa (T^ = 20 msec) and lead using ^ ^ ^ b  (2^ = 4 msec) 
and 2^ mPb (Tj_ = 800 msec) have been studied (Wiernik and 
Amiel 1969, Ingle 1973). fhe medical applications of cyclic 
activation analysis have yet to be evaluated clinically, but 
the low radiation doses involved with the method make it 
attractive to the in-vivo analysis of many elements.
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CHAPTER 5
THEORETICAL TREATMENT Off ACTIVATION ANALYSIS
3. 1. Introduction
Nuclear methods of analysis offer a number of alterna­
tives for the analysis of a particular element (Koch 1960).
An examination of these alternatives requires an understanding 
of the basic equations of irradiation, decay and counting 
statistics in order to appreciate the advantages, scope and 
limitations of each method.
The sensitivity predicted for any nuclear method can 
serve as a useful guide to the idealised interference-free 
detection limits. In purely instrumental methods high matrix 
activity and the presence of radioactive products with similar 
half-life and radiations to that sought severely limit the 
sensitivity. Fortunately, these can be predicted to some 
degree. Nevertheless, it might be relevant to emphasise that 
regardless of all the possible calculations and predictions 
that can be made prior to irradiation, only a comparison of 
data obtained for the sample and a known irradiated standard 
can ultimately decide whether.the method chosen is suitable 
for the particular element sought.
3* 2. Radioactivation Analysis
Consider an element that is made radioactive by irradi­
ation in a constant homogeneous flux of energetic charged 
particles, photons or neutrons. Let the stable isotope X be 
transmuted to some radioactive product Y* which in turn decays 
with its characteristic decay constant X  to a stable daughter 
product Z. This scheme of events can be represented as:
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(e l ,/) (d,p) etc A;
X ------ ;----  o .  Y* ----
prompt delayed
The net rate of formation of Y* is given by:
m  x -kt
—  = 0 Wx “ y ydt
where 0 H is the actual rate of formation of Y*-X. [X.
and X  N is the rate of disintegration of Y* to Z.y y
Here N represents the number of atoms of X exposed to theZKI
flux of bombarding particles or photons.
(y* represents the atomic cross-section of the reaction.
X  %
0 represents the flux of bombarding particles.
On integration over the irradiation period t^ the number 
of radioactive atoms present is N (t.)
0 K  \ -t-
where N (t.) = x x . (1 - e" V i )
y Ay
The number of disintegrations per second of the N (t •) radio-y i
active atoms is given by:
Ay(t.) = Ny(t.) A y = 0 (1 - e- Xy h)
This is therefore the activity present at the end of the 
irradiation time
If t^ is long compared with the half-life of the product 
radionuclide (e~^ y^i)— and the maximum or saturation
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activity A(s) is given by:
1/
Ay ( s ) n 0 (f ;yNx
Alternatively, if the half-life of the product is long
— X. t V t compared with t^, 1 - e~ y i— ^ y i , and
the resultant activity «Ay(r) is given by:
V r) - 0<rA V i
In practice, if the value of t^ s2ss one half-life of the 
product radioisotope, this ensures the best use of the 
irradiation time and the best signal to background in terms 
of the longer-lived undesirable activities of other radio­
isotopes of elements present in the sample. The activity that 
is detected after a waiting time t after the end of irradiation 
by a detector of efficiency7! is given by Ay(cL)
where A (d) = T'0 (1 - e“ ^ y h ) . e- 'Xytw
The simplified theoretical treatment outlined above 
assumes that the irradiation flux is constant, no self-shielding 
occurs and the number of atoms of the target isotope remains 
constant during the irradiation time. With irradiation fluxes 
normally utilised for most activation analysis, the assumption 
that the number of atoms of a target isotope remains constant 
can be justified. However, if a high flux is utilised for 
irradiation, this assumption is no longer valid, and the 
relevant general rate equations are discussed in the next section 
The value of 6* and N are complicated in charged particle
A. A
activation analysis methods, because the particles lose energy 
as they travel through the sample. The concepts of an ‘average 
cross-section’ (Ricci and Hahn 1965) or an 1 equivalent thickness’ 
(Engelmann 1965X appear to overcome these difficulties to some 
extent. /lQ
3. 3. General Rate Equations
If a radioactive source is immersed in a constant 
homogeneous irradiation flux, the radioactive nuclei themselves 
become subject to transformation by nuclear reactions in 
addition to their spontaneous radioactive decay. The 
radioactive product nuclide of an isotope placed in a neutron 
flux is therefore no longer simply governed by the rate of 
radioactive transformation alone. The degree to which this 
effect occurs depends on the irradiation flux and the half- 
life of the product nuclide. The modified transformation 
equations for irradiation in a high neutron flux have been 
outlined (Bradley-Lewis 1954, Rubinson 1949) but the approach 
is applicable for any other type of irradiation. A modified 
decay constant is used to derive a general solution for the 
activities of different members of a decay chain descended 
from a primordial ancestor which is created at a- constant rate. 
The time dependence of the resultant product nuclide in a 
high flux is shown to be quite different from that in a low 
or moderate flux. For example,' the general rate equations 
show that the yield of ^^Au from two successive (n,K) 
capture reactions for a 30 hour irradiation in a thermal 
neutron flux of 10^n crrf^  sec“  ^ is about 10% of the activity 
of its ancestor 1^Au,
Currently even higher thermal neutron fluxes are 
obtainable from large nuclear power reactors, and here the 
target nuclide is slowly depleted so that the primordial 
ancestor itself will cease to be produced at a constant rate.
3. 4. Prompt Activation Analysis
Here the equations describing the disintegration rate 
of the compound nucleus giving rise to the prompt radiations
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are relatively simple. The number of prompt product atoms sec 
produced is given by 
where = 0 <S^ .NX
There are no saturation limitations imposed for the 
measurement of the prompt radiation, and if the detector has 
an efficiency j for the radiations sought, the activity
r\
detected A will be a function of the irradiation time t.
J j
(= detection time) where A is given by
*7
a/  = T  0«rxV i
In general, lower fluxes of bombarding particles, photons etc. 
are used for prompt methods, and the specificity of detecting 
the required radiation is the most serious problem.
3. 5. Statistical Considerations Relevant to Activation
Analysis
Nuclear processes such as radioactive decay or the 
emission of particles from a target under bombardment are 
essentially random in character. An energy sensitive detector 
yields a distribution of pulse size for a homogeneous incident 
beam of radiation of energy E. For a scintillation detector, 
the low photocathode efficiency and poor light collection are 
two of the parameters that broaden the pulse-size distribution 
(Eldridge 1964). For a semiconductor detector this 
distribution is due to circuit noise and the statistical 
nature of the basic ionisation process (Goulding 1965). For 
energy discriminating detectors of radiation, the pulse size 
is generally directly proportional to the average number of 
charge carriers produced by-a given event. The energy 
resolution is fundamentally limited by the statistical spread 
in the number of charge carriers which is a function of the
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primary conversion of radiant energy to electrical signal,
i.e. f (n). The energy resolution S E  » f (n)
E n
where n is the average number of ion pairs produced (Figure 8a).
The number of particles or events recorded by an energy 
sensitive detector in a given time interval will be distributed 
about the mean number with a mean square deviation or variance 
given by
O O  -RT
cr/- 2>-»2 - »
o ni
where N is the number of particles expected on average in a 
defined time interval. The probability of observing n 
particles in this time interval is given by the Poisson 
distribution for random events
wn -N
viz P(n) = ------
ni
The standard deviation in a count of N particles is
/JIT (if N sufficiently large) and one normally quotes the 
result as N - /JW• In activation analysis a gamma ray detector 
records some of the monoenergetic events in a photopeak 
superimposed on a background continuum of Compton events. The 
Compton events are due to higher energy gamma rays emitted by the 
source (Figure 8b). The total number of counts recorded in the 
interval E ^ A e  is
T s N + B
where N and B are the integrated signal and background counts 
respectively in the interval 
and T = T -  A l .
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Therefore the net signal counts are given by:
jtf = (T - B) i / l  + b '
N = (T — B) — + 2B'
The standard deviation of a signal superimposed on a 
background determines, whether a peak is considered significant. 
Normally a peak is considered significant if
w > 5 (Tb
where <f £ is the standard deviation of the background.
Figure 9 serves to illustrate the variation of the 
standard deviation of a signal as a function of the
background under a given photopeak with N. counts. As the 
signal increases, the influence of the background is reduced. 
Figure 10 depicts the variation of with the ratio ~
which in this case is shown to be strongly dependent on the 
actual value of N. Both the figures emphasise the importance 
of procuring a signal to background ratio of unity, or better, 
coupled with a good signal counting rate.
In purely instrumental methods of activation analysis 
the signal to background ratio,for any photopeak may vary 
continuously with time. Using a recorder which stores the 
accumulated spectrum as a function of time it would be 
possible to select the optimum recording period for any 
case by computer analysis of the data after counting had 
been completed. Decay period discrimination against short­
lived activities combined with compliment subtraction of 
longer-lived activity may help to increase the signal to 
background ratio ^  .
In general the gamma ray spectrum of a sample should 
be recorded for as long as practicable to guarantee optimum
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sensitivity in the search for a particular photopeak in the
presence of a large background. For a signal to background
2 4-ratio of 1 in 10 one requires a minimum of 10 counts in the
photopeak to reduce the standard deviation of the signal down
to the 15/£ level. However, under the same conditions a photopeak
*5
with only 1Cr counts v/ould not be considered significant.
It may be appropriate to emphasise here the benefits to 
be derived in using a high resolution detector to improve the 
signal to background ratio, and one can expect better detection 
limits with such a device (Walford 1972). As the energy 
resolution is improved for a constant absolute counting 
efficiency, the background continuum included between the peak 
limits is reduced, as is also the interference from close lying 
signal peaks. Therefore, a signal which is only a small 
fraction of the total activity of a sample should be measurable 
if one can obtain enough counts in the photopeak sought.
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CHAPTER 4 
NUCLEAR RADIATION DETECTORS 
4. 1. Introduction
When a nuclear probe interacts with the atomic nucleus, 
the reaction may result in the emission of one or more prompt 
particles or radiations and lead to a radioactive product. 
Detection of any of the prompt or delayed particles or 
radiations can, in principle be utilised in a nuclear method 
of analysis. The charged particles emitted in the reaction 
cannot normally be conveniently used as an analytical indicator 
because of their limited range in the sample. Therefore, in 
general, nuclear methods of analysis rely on the measurement of 
those particles or radiations that have sufficient penetration 
through matter to be detected reasonably efficiently remote 
from the point of origin, e.g. gamma rays, neutrons or beta 
particles.
Identification of the prompt or delayed particles or photo: 
emitted by the product nuclei provides information on the pre­
sence of a given element. Some of the parameters that aid in
the identification of a product nuclide are:
1. Energy and nature of the emitted radiations
2. Half-life of delayed radiations
3. Presence of coincident radiations
4-. The relative intensity of the associated gamma ray or 
particles emitted.
In general, at least two of these parameters are 
necessary for the positive identification of a product 
nucleus. Measurement of the relative intensity of two or
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more associated gamma rays is often useful and constitutes an 
additional benefit of a precise energy determination.
Quantification and identification of the radiations 
emitted by product nuclei are interdependent. Most analytical 
methods applied to date depend on the measurement of the 
gamma rays emitted by a nucleus returning to its ground 
state. Hence this will be considered in detail.
4. 2. G-amma Ray Energy Determination
The most important parameter in the identification of a 
radioactive product nucleus is the energy of the gamma rays 
emitted. Gramma rays are emitted by over 99% of neutron-rich 
radioactive product nuclei produced in neutron capture reactions 
The penetration of gamma rays through matter allows them to be 
measured at some point away from the nucleus responsible for 
the radiation.
The energies of gamma rays emitted by natural and 
artificially produced radioactive nuclei are usually within 
the range of a few keV to a few MeV (Crouthamel 1960, Tannila 
and Kantele 1969). In many nuclear disintegration processes, 
the nucleus is left in an excited state after particle emission, 
and the excess energy is released in the form of gamma.rays.
This follows a rearrangement of the residual nuclear charge whic 
leads to quantum transitions between the energy levels of the 
daughter nucleus. Where there is more than one successive 
transition to the ground statev several gamma rays are emitted 
in cascade. Such cascade gamma rays are usually so closely
—  Q
coincident in time ( A T ^ I O   ^ sec) as to appear to- the gamma 
ray detector to be emitted simultaneously (Lederer, Hollander 
and Perlman 1967). The energy of gamma rays can now be
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measured to an accuracy of ^ 0.1 keV using a Gre(Li) or Si(Li) 
detector. Therefore, if the gamma rays of interest extend from 
0 to 2 MeV, this corresponds to a range of 2 x 10^ intervals.
This precision in energy determination should enable the 
analyst to separate and identify the majority of product nuclei 
of, say, thermal neutron capture reactions. For example, if the 
300 or so product and daughter radioisotopes of neutron capture 
reactions have an average of 10 gamma transitions, there will be 
3000 gamma lines; therefore, a range of 2 x 10^ intervals should 
be more than adequate for the positive identification of every 
product nuclide. In practice, the gamma ray spectra of all the 
radioisotopes that result from thermal neutron capture have not 
been measured with the accuracy currently afforded by semicon­
ductor detectors.
In addition, the basic interaction process of gamma rays 
with matter complicates the simplified identification procedure 
discussed. X-rays can also be released following other modes 
of nuclear disintegration, such as electron capture and inter­
nal conversion. In the former the nucleus captures one of its 
own orbital electrons, which leads to the emission of characteri­
stic X-rays. If the energy difference of the parent and daughter 
nuclei involved in this process exceeds 1.02 MeV, positron 
emission will compete with electron capture. In the latter, 
the transition energy emitted by an excited nucleus may cause 
the removal of one of its own orbital electrons, leading again 
to the emission of characteristic X-rays from transitions
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in the atomic shells.
The energy of the gamma rays (or X-rays) emitted as a 
result of nuclear disintegrations are determined by gamma ray 
spectrometry methods, some of which depend on:
1. Scintillations produced by the secondary electrons 
created in a phosphor, e.g. Nal(Tl) detector.
2. Ionisations produced in a gas or solid, e.g. 
proportional or semiconductor detector.
3. Diffraction of photons from crystals, e.g. curved 
crystal spectrometer in conjunction with detector of 
types 1 and 2 above.
Methods 1 and 2 are considered in more detail in the following 
sections.
4. 3 . Gamma Ray Scintillation Spectrometry
The discovery that phosphors emit light when bombarded 
with alpha particles was made by Sir William Crookes in 1903i 
The 'spinthariscope', a zinc sulphide screen viewed with a 
simple microscope in the dark, remained a qualitative tool until 
1908 (Regener 1908), when methods were devised to count the minu' 
flashes or scintillations produced by alpha particles, using the 
dark-adapted eye. For the next twenty years or so this simple 
scintillation technique proved to be an important tool in 
nuclear physics, and led to the discovery of the atomic nucleus 
and the establishment of the law of exponential decay for 
radioactive disintegration (Rutherford, Chadwick and Ellis '1930) 
Development of the Geiger-Muller and proportional counters resul 
ted in the almost complete disuse of the scintillation method 
for a further twenty years. Post World War II development of
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methods to convert light pulses into current pulses led to 
the development of the photomultiplier tube* This electronic 
eye was capable of overcoming the limiting factor of the
human eye in the early scintillation methods, and led to a gain
9 10of up to 10' in signal amplification and about 10 in the
ability to separate individual light pulses that followed each
other in time. Coupled with developments in crystal growing
techniques, this has led to the present highly efficient
scintillation gamma ray detectors. The phosphor of major
importance to radioactive analysis counting methods is Nal(Tl),
and currently this is the most widely used gamma ray detector.
No attempt will be made in this thesis to describe the
scintillation detector in detail, as this is a well established
technique that has practically ousted gas ionisation methods
for gamma ray spectroscopy over the last decade (Price 1964,
Snell 1962).
4. 4. Phosphors
A variety of phosphors exist for scintillation counting
methods, and the choice of a suitable phosphor depends on the
application. Some of the phosphors commercially available are:
1. Natural mineral crystals such as zinc sulphide or calcium 
tungstate.
2. Pure inorganic crystals such as Nal activated with 
thallium.
3. Organic crystals, liquids and vapours, and also plastic 
phosphors which are polymerised solutions of an organic 
phosphor in styrene.
The advantages of Nal(Tl) as a gamma ray detector lies in 
its comparatively high light output and atomic number.
Pure calcium tungstate crystals can be grown to centimetre 
dimensions and may prove to be superior to Nal in the near 
future.
4. 5. Problems of Nal(Tl) Scintillation Spectrometry
The comparatively poor energy resolution of any 
scintillation detector for gamma rays arises from the 
inefficiency of energy transfer in the basic interaction 
process. This process converts a gamma ray photon to a 
current pulse and can be summarised as:
gamma ray secondary electron light photon photoelectrons in 
photon in crystal in crystal photomultiplier
cathode
Only a fraction (few percent) of the incident gamma ray 
energy is converted to quanta within the visible or ultra­
violet range and only about 15 to 30;t> is converted to 
photoelectrons in present photocathodes. Both effects limit 
the primary electron statistics at the photocathode of the 
photomultiplier tube. The average energy required to 
release an electron from the photocathode viewing Nal (331) 
is of the order of 200 eV. Statistical spreads also arise 
in the dynode amplification process in the photomultiplier 
tube.
The overall energy resolution is dominated by photon 
statistics and varies with the gamma ray energy, being 
relatively poor at energies below 200 keV. Below 100 keV 
the light output ceases to be directly proportional to gamma • 
ray energy, possibly due to non-uniform transfer of gamma 
ray energy into light photons in Nal(Tl) (Bisi and Zappa 1958)
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Degradation of- energy resolution occurs at counting rates in 
excess of about 50,000 counts per second principally because* 
of baseline shift problems in the preamplifier and hysteresis 
effects experienced with the recovery of the photomultiplier 
(Dirks 1964).
Different gamma ray spectrometers are usually compared
on the basis of their energy resolution for the 662 keV 
137gamma rays of "Cs. Under optimum conditions with specially
selected photomultiplier tubes, a resolution of 7$ may be
137achieved for the 662 keV gamma ray of ' Cs, i.e. the fwhm 
(full width at half maximum) is 46 keV. In practice, the 
most widely used Nal(Tl) detector is 3” x 3" and this 
typically has a resolution of about 8$.
4.6. Semiconductor Gamma Ray Spectrometry
Semiconductor radiation detectors are fabricated from 
single crystals of high purity semiconductor materials, 
principally germanium and silicon. In both silicon and 
germanium they include the diffused p-n junction, the p-i-n 
structure and the surface barrier structure. In each of these 
categories there are variations in entrance and exit window, 
depth of active region, physical size and mounting for the 
different types of detector that can be fabricated (Dearnaley 
and Northrop 1966, Taylor 1963). For gamma ray spectrometry 
the following detectors offer the most desirable 
characteristics:
1. The germanium-lithium drift type [l>e(I»ij] for high 
and low energy gamma rays operated at liquid nitrogen 
temperature.
2. Silicon devices [Si(Li7J operated at room temperature 
for low energy gamma rays and X-rays.
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The combination of reasonable efficiency and extremely good 
( ^ 2  keV) resolution of the Ge(Li) detector more than 
compensates for the inconvenience of low temperature operation 
in many applications.
Two alternative materials that are presently being 
considered as gamma ray detecotrs are InSb and CdTe (indium 
antimonide and cadmium telluride) (Lappe 1959)* However, the 
degree of purity obtainable in currently available crystals of 
these materials is not yet sufficient to achieve good energy 
resolution. Comparison of the trapping behaviour of CdTe and 
germanium indicates that an improvement by a factor of about 3 
orders of magnitude is desirable before the compound material 
can be considered useful for detector construction; neverthe­
less the increase in effective atomic number of these materials 
compared to germanium would considerably increase the photo­
fraction efficiency. These advantages-make the consideration 
of further development work on these alternative materials 
worthwhile. A recent development is the introduction of ultra- 
pure germanium which does not require lithium drifting. These 
detectors can be stored at room temperature between use but 
still require low temperature in operation.
4. 7- Germanium Lithium Drift Detector
This is currently the most widely used semiconductor 
detector for gamma ray spectrometry. Lithium is used as an 
interstitial n-type donor to compensate low resistivity p-type 
material, so that the effective resistivity becomes 
comparable to that of the intrinsic material. Other methods 
that have been considered and tried with limited success are 
ultra-pure or intrinsic crystals of germanium, impurity 
compensation by gamma ray damage, and transmutation doping
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by fast neutron bombardment.
The operation of the semiconductor detector is quite 
similar to that of a gas-filled ionisation chamber and has 
been discussed (Friedland 1965). In a gas the energy 
required to create an ion. pair is about 35 eV, whereas in 
germanium this value is only 2.9 eV (Mayer 1959). The 
larger number of ion pairs created per unit energy in 
germanium leads to a statistical improvement by a factor of 
3 over the gas ionisation counter and about 10 over the 
scintillation counter. The energy resolution in germanium 
is therefore correspondingly improved, and the best Gre(Li) 
detectors now available have energy resolutions of the order 
of 1.8 keV (fwhm) for the 662 keY gamma ray of'^^Cs. This 
substantial improvement in energy resolution makes the 
analysis of complex gamma ray spectra more feasible, and can 
considerably simplify multielement determination which 
previously required tedious chemical separations.
4. 8. Types of Ge(Li) Detectors
The recent refinements offered by semiconductor
detectors in nuclear particle spectroscopy did not initially
seem promising for activation analysis because of the small
sensitive volume and relatively poor ratio of total absorption
to Compton scattering. Until a few years ago the largest
Ge(Li) detectors available had sensitive volumes of less
than 1 cm. Larger germanium ingots and alternative
fabrication techniques can now yield detectors with sensitive
3volumes of up to 100 cm.
For most activation analysis applications of 
semiconductor detectors, high photopeak efficiency is the 
primary requirement. At present Ge(Li) detectors with
overall detector sensitivities comparable to that of the 
3" x 3" JMal(Tl) detector are commercially available, and
7
these are of the order of 100 cm sensitive volume. However, 
even for these large detectors the ratio of total absorption 
to Compton scattering does not compare favourably with the 
much larger volume scintillation detectors. The best G-e(Li) 
detectors available to date have a photofraction for 1 MeV 
gamma rays of about and this means that the unwanted
f
Compton events are taking up precious live-time (in the 
amplifier as well as in the multichannel pulse height analyser^ 
which limits the useful count rate. Furthermore, as large 
semiconductor detectors are fabricated by the coaxial drift 
technique, it is difficult to make them uniform in shape, size 
or volume, and hence predict precise counting geometries, 
photopeak to Compton ratios and intrinsic photopeak efficiencie 
as one can with Hal(Tl) detectors (Walford and Doust 1969). 
Fortunately, this is not necessarily a serious handicap for 
activation analysis applications, since the comparator method 
eliminates the need for absolute gamma ray intensity 
determination. For absolute measurements the detector 
response must be calibrated using standard gamma ray sources.
4. 9. Ge(hi) Spectrometry System
The improved energy resolution offered by the Ge(Li) 
detector has made severe demands in the design of amplifiers, 
associated electronics and data accumulation systems. The 
optimum energy resolution that can be obtained requires an 
insight into the various parameters that can affect the energy 
resolution and performance. ' The energy resolution of a 
semiconductor detector depends on noise and capacitance in
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the detector and associated electronics, proper operation of 
equipment, and finally skill and care in matching components 
and equipment.
A serious drawback of the Ge(Li) detector is the 
requirement of operation at liquid nitrogen temperature to 
reduce thermal noise. Storage between measurements must also 
be at low temperature in order to keep the lithium from 
re-drifting within the germanium. In order to exploit the 
superior resolution offered by the Ge(Li) detector, 
considerably more sophisticated electronics and data 
accumulation systems are required than are necessary for 
l\TaI(Tl) detectors. A typical gamma ray spectrometry system 
is shown in Figure 11.
A preamplifier with a field effect transistor (FET) is 
required for minimum electronic impact nois'e. The detector 
pulses are then fed to a low noise linear shaping amplifier, 
a biassed amplifier (optional) and finally to a multichannel 
pulse height analyser. A stable detector power supply is 
used to provide the reverse bias field which collects the 
ions liberated inside the detector. A precision pulse 
generator is a useful additional item to measure the linearity 
and the electronic contribution to the overall energy 
resolution. The pulser is also useful in extracting and 
interpolating the system energy calibration, using standard 
gamma lines as reference energies.
4* Ge(hi) Detector Energy Resolution
The extremely good energy resolution offered by the 
Ge(Li) detector for gamma rays is its most important single 
advantage over scintillation methods. The energy resolution 
of the best semiconductor detector currently available
- 67-
•x) H
ro
o
M
o S 
W  Q
o
8F-
-68-
FIGURE 
11 
TYPICAL 
Ge(Ll) 
SPECTRQ14ETHY 
ABRANGEMBHT
compares favourably with the traditional curved crystal 
spectrometers. However, crystal spectrometers are of no 
practical use in activation analysis, because their absolute 
efficiency for gamma ray detection is about 10^ less than 
that of Ge(Li) detectors (Siegbahn 1965).
Some of the factors which affect the energy resolution 
of a Ge(Li) detector are:
1. Statistical fluctuations in the number of ion pairs 
created.
2. Incomplete charge collection due to trapping of ions.
3. Edge effects near the surface.
4. Electrical noise arising in the detector.
5. Electrical noise and drift of amplifiers and associated
equipment.
In addition, energy resolution degradation problems arise 
from high counting rates due to pulse pile-up and baseline 
shifts in the electronics. Also, an inadequate number of 
channels used to record the gamma ray spectrum can limit the 
energy resolution, due to the finite width of channels. A 
minimum requirement of five channels is considered necessary 
to span the full width at half maximum (Heath et al. 1964),
i.e. 0.4 keV per channel for 2 keV energy resolution. This
requirement necessitates the use of a 4096 channel pulse 
height analyser to record the gamma rays in the energy 
interval from 0 to 2 MeV. In practice, a biassed amplifier 
enables one to use a smaller multichannel pulse height analyser 
by successively recording different segments of the energy 
spectrum.
The energy resolution of a G-e(Li) detector is given by 
the full width at half maximum :
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fwhm (keV) = 2.36 (FEw)^
where F is the Fano factor,
E is the electron energy in keV 
and w is the average energy required to create an ion pair.
The Fano factor (Fano 194-7) is a measure of the degree of 
correlation between the successive ionisation events for a 
single gamma ray, and is currently considered to be of the
order of 0.05 for semiconductors (Glos 1966). Thus it has the
effect of reducing the statistical uncertainty below the level 
for independent events.
The Ge(Li) detector is capable of measuring gamma ray 
energies with a precision of 0.1 to 0.3% which is adequate 
for most activation analysis problems.
4-. 1.1. Determination of Gamma Ray Energies
In any gamma ray spectrometer the ratio between energy 
and channel number is called the channel coefficient (m) 
usually expressed in keV per channel. This coefficient is 
constant throughout the pulse height range only if the 
spectrometer response is directly proportional to energy 
(y = mx) or linear (y = mx + c) which demands some knowledge 
of the linearity of the system. The use of a precision pulse 
generator is the most convenient method of checking the linearity 
of a spectrometer. The Nal(Tl) scintillation detector is 
inherently linear only above .about 200 keV, whereas results 
to date indicate that the semiconductor detector can be consi­
dered intrinsically, linear within statistical limitations for 
all gamma ray energies.
The calibration of a gamma ray spectrometer is made 
using radioisotopes with accurately known gamma ray energies.
In this context or in measuring unknown photopeak energies, 
the position of the photopeak must, be determined-precisely.
A multichannel spectrum is basically a histogram, and the 
exact position of a peak with such a histogram can be 
determined by a number of methods. In practice any 
consistent method of peak channel location is useful as 
long as the system is stable and the peak shape at energies 
of interest does not vary during the measurement* Simple 
methods such as measuring half way along a horizontal line 
across the fwhm of a peak or finding the intercept of the 
linearly extrapolated flanks of a peak are considered less 
accurate than the capabilities of the system. An alternative 
method defines the peak channel number as the channel which 
bisects the integral peak count, which is specified as the 
integral count between the two channel positions correspondin; 
to a count of one half of the maximum in the peak (Dudley 
and Scarpatetti 1964).
The majority of methods for locating the peak channel 
number and hence determining the gamma ray energy precisely, 
assume that the photopeak is Gaussian in shape. Since the 
logarithm of a Gaussian distribution is a parabola, the 
maximum of the parabola can be located by plotting the 
logarithm of the difference of consecutive channel counts 
against channel number and finding the zero intercept. The 
peak channel number can be determined in this way with 
good precision. Alternatively, the percentage of individual 
channel counts compared to the total photopeak counts can 
be plotted versus channel number on probability paper, and 
the peak channel number corresponds to 50% probability
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(Boekelheide 1960). Yet another method locates the peak 
channel number from a linear plot of the function 
log(yx-1/ Yx+1) versus the channel number x. Here the peak 
channel number is given by the value of x for which 
lQg(yx_l/ yx+i) = 0 (Zimmerman 1961).
However, all methods of locating the peak channel 
number and hence the gamma ray energy cannot yield reliable 
estimates if the statistics are poor. Curve fitting 
procedures must be used in cases of poor statistics. The peak 
channel number can be located by most.methods to within 0.05- 
channels, which means the gamma ray energy can be assigned 
to within 0.02 keV typically, with a calibration of 0.4- keV 
per channel.
Another problem that frequently arises is in locating 
the peak channel number of a photopeak sitting on a non­
linear background, such as a rising or falling'Compton 
continuum. Here a correction for the asymmetry of the 
resultant photopeak can be made by the use of various 
interpolation procedures, or by making use of previously 
determined gamma ray spectra as in spectrum stripping 
(Heath 1961).
4. 12. Peak Area Measurement
The quantification of any element depends on the 
measurement of either :
1. The number of counts above background in the channel 
corresponding to the centre of the photopeak.
2. The total count (area) under the photopeak.
The reproducibility of these methods is about 10fi and 
2°Jo respectively (Bowen and Gibbons 1963), and the accuracy
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depends on the stability of the equipment, the number of 
channels over which the photopeak is spread and the way the 
background varies under the photopeak. This background 
under a photopeak due to the Compton interaction of higher 
energy gamma rays varies in a predictable manner, but 
problems arise in trying to decide on the type of interpo­
lation to use in removing the background in order to 
measure the peak area (Yule 1968).
With scintillation gamma ray spectrometry the problems 
of determining peak areas are severe because of the limited 
energy resolution. Some of the methods used to measure 
peak areas of multicomponent gamma ray spectra employ 
spectrum stripping and curve fitting procedures. The 
errors involved in these procedures are cumulative, and 
attempts have been made to resolve this by using least 
squares fitting, simultaneous equations, iterative procedures 
etc., all with limited success (Guinn and lasch 1962).
Typical errors of peak area determination using these 
procedures can be of the order of '25%*
A simple, practical method of eliminating the Compton
continua of high energy peaks is suggested (Melsaac 1956 ).
This method depended on measuring the peak area above a
defined characteristic width of the photopeak, and was only
successful for peaks sitting on a relatively flat Compton
continuum. Another method of peak area determination made
use of the digital nature of the gamma ray spectrum (Covell
1959). The peak channel number CQ was used to define
channels Cn and C_n which were n channels on either side of
C . The number n is chosen so that these channels contain o
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approximately half the number of counts in channel C0* A 
linear interpolation of the counts in channels Cn and C 
was used to define a representative area by the formula:
peak area = <|-< Afl - (n + h) (A_n + A+n)
in = -n
thwhere Am is the number of counts in the m channel and the 
second term is the background under the peak.
This method of peak area determination is simple, rapid 
and can eliminate errors which invariably arise in graphical 
and spectrum stripping methods.
Yet another scheme used for the determination of peak 
areas eliminates Compton continua by subtracting the Compton 
response of an anthracene detector from the Compton and 
photoelectric response of a Nal(Tl) detector. A two crystal 
scintillation spectrometer system that relies on electronic 
subtraction (Pierson 1955) has not been accepted as a useful 
tool in activation analysis because of the problems in 
matching the Compton continua of the crystals for low energy 
gamma rays. Nevertheless, the technique can sometimes be 
of value in eliminating a tedious chemical separation 
procedure (De Soete and Hoste 1964).
Special counting arrangements such as anti-coincidence, 
coincidence and the pair spectrometer can often aid in the 
determination of peak areas by either reducing or completely 
removing the Compton continuum. However, the necessity of 
using a collimated gamma ray source leads to a loss in 
detection efficiency and hence sensitivity. This limitation 
restricts the use of these methods in gamma ray spectrometry 
for activation analysis.
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The use of G-e(Li) detectors in gamma ray spectrometry 
leads to a considerable simplification in the determination 
of peak areas. With the improved energy resolution, simple 
linear interpolation betv/een the channels on either side of 
a photopeak leads to uncertainties of the order of 5$, 
except where a photopeak is sitting on a non-linear portion 
of a Compton continuum. Here a simple curve, estimated by 
eye, leads to relatively small errors. The resultant 
simplification afforded by the superior energy resolution 
of the semiconductor detector appears to have been overlooked 
by many analysts using activation analysis. Similar linear 
interpolation or estimated curved lines drawn under the 
photopeak of a gamma ray spectrum from a Nal(Tl) detector 
would lead to large errors in peak area measurements, since 
the much poorer energy resolution demands, a very large and 
therefore uncertain extrapolation.
4. 13. Decay Curve Analysis
In the past many radioactivation analysis methods 
using chemical separation procedures and beta particle 
detection relied on decay curve analysis for qualitative 
proof of the presence of an;element. Gamma ray spectrometry 
with Nal(Tl) detectors were also dependent on decay curve 
analysis because of the limited energy resolution. Multi- 
component procedures of decay curve analysis suffer from 
large errors if other isotopes of similar half-life are 
present in the sample (Milnzel 1964, Cumming 1962). Decay 
curve analysis from the direct gamma ray spectrometer 
approach are only really of value for short-lived isotopes 
where seconds, minutes or hours are sufficient to record
-75-
the decay of an isotope, For longer-lived isotopes the 
method is time consuming, since the results are not 
available until a long time after the irradiation#
Currently decay curve analysis procedures for the 
identification of an isotope are rarely necessary because 
of the superior energy resolution offered by the G-e(Li) 
detector. The majority of isotopes can now be identified 
from measurements of precise gamma ray energy, and the 
relative intensity of two or more gamma rays emitted either 
in cascade or by a parent and daughter radioisotope.
4. 14# Miscellaneous Radiation Detectors
Although the majority of activation analysis methods 
rely on gamma ray spectrometry, radioisotopes can be identified 
by the detection of other prompt or delayed reaction products. 
Some of the reaction products detected include beta particles, 
charged particles, neutrons, characteristic X-rays and high 
energy gamma rays. In general^detectors of these reaction 
products do not provide the specificity of gamma ray 
spectrometry. Nevertheless they can often be of great value 
particularly if the analyst can vary the energy of the 
incident particle as an additional parameter.
The Geiger-Muller counter is normally used for the 
detection of beta particles, and the simplicity offered by 
this detector can be useful if radiochemical separation 
methods are employed. The superior energy resolution of the 
semiconductor detector has led to their widespread use for 
the detection of charged particles such as alphas, protons 
etc. (Dearnaley and Northrop 1966). Neutron detectors used 
in activation analysis methods include the time-of-flight
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spectrometer for fast neutrons and the BF^ counter for 
thermal neutrons.
Nuclear emulsion and plastic track detectors provide
spatial information which cannot be obtained by other methods.
Recently, plastic track detectors have been used to determine
the spatial distribution of boron in metals by the 
10 7B(n,oc)'Li reaction with reactor thermal neutrons, but the 
presence of oxygen, lithium or fissionable material can 
complicate the analysis (Schwartz et al. 1964).
An interesting alternative to gamma ray spectrometry 
is the detection of characteristic X-rays which result from 
the processes of electron capture and internal conversion.
The semiconductor X-ray spectrometer has been investigated 
in the detection of 27 (n, Jf) products (Pillay and Miller 
1969). The advantage of this method is'the simple 
relationship between X-ray energy and the periodicity of 
the elements.
High energy gamma rays can also be detected by 
photoneutron counting using the low ( ,n) thresholds of
berylium (1.67 MeV) and deuterium (2.23 MeV). The active 
samples are placed in the centre of a berylium box or 
container surrounded by BF^ counters embedded in paraffin 
wax. Detection of the photoneutrons can provide a useful 
non-destructive method for the analysis of some elements in 
a high activity matrix (Amiel 1964).
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CHAPTER 3
DETERMINATION OP OXYGEN AND NITROGEN IN GASES 
BY 5 MeV DEUTERON BOMBARDMENT 
1- Introduction
A variety of nuclear methods, of analysis have “been applied 
for the determination of oxygen and nitrogen with attempts at 
activation analysis using thermal neutrons, charged particles 
and high energy photons. Thermal neutrons do not offer 
adequate sensitivity for the analysis of these very important 
low atomic number elements because of the relatively small 
capture cross-section for isotopes of low abundance. East 
neutrons have been used for the assay of these elements with 
limited success (Guinn 1962). High energy photons have indi­
cated sensitivities of the order of jug with ( ,n) reactions 
(Engelmann 1967)- Recently a neutron time of flight spectrometry 
method has been applied to measure the prompt neutrons from
(d,n) reactions for the analysis of nitrogen and oxygen in
gases (Peisach 1968). The method enables microgram sensitivities 
to be achieved in runs of a few minutes using deuterons in the 
energy range 2.0 to 3.9 MeV and beam currents of about 1 jiA.
The characteristic neutron groups from the (d,n) reactions 
on oxygen and nitrogen result in the population of excited 
states of their product nuclei. These excited nuclei decay
almost instantaneously, emitting gamma ray with energies
characteristic of the product nucleus. Comparison of the 
relative sensitivity of a typical high resolution gamma ray 
spectrometer with a neutron time of flight spectrometer
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indicated that the prompt gamma ray groups could be used instead 
of the neutrons bo yield similar sensitivity with the advantage 
of relatively simple apparatus. In addition, detection of the 
prompt gamma rays allows other gamma ray-producing reactions to 
be exploited for different elements. For light elements the 
(d,p) reactions are also important.
An examination of the Q-values for deuteron induced 
reactions-on oxygen and nitrogen shows that (d,n), (d,p), (d,oC) 
and (d,/) reactions are all energetically possible for deuteron 
energies above about 2 MeV. Therefore, in principle, many 
prompt gamma rays characteristic of different product nuclei 
may be detected with a high resolution gamma ray spectrometer. 
The feasibility of using the prompt gamma rays from charged 
particle reactions for the analysis of some light elements has 
been demonstrated, and the need for a high resolution gamma ray 
spectrometer has been emphasised (Pierce and Smales 1966).
5. 2. Experimental Details
Oxygen and nitrogen in pure gaseous form and also in the 
form of the natural air mixture was used. The target gas was 
contained in a thin-walled brass cell depicted in Figure 12.
The deuteron beam incident on the gas cell was collimated by 
a tantalum aperture placed 5 cm in front of the molybdenum 
entrance window. The deuterons that crossed the cell were 
stopped in a platinum end cap. All the brass surfaces of the 
gas cell that could be struck by the deuteron beam were covered 
with gold foil to minimise background reactions.
The various gases used were admitted to the cell via a
FIGURE 12 GAS CELL ASSEMBLY
GAS BTLET
BEAM STOP 
6,4 mm BIA
MOLYBftEUUM FOIL 
2.5 pm
0.125 mm
GAS OUTLET
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needle valve, and the gas cell pressure measured on a large- 
scale mechanical pressure gauge. The cell could he evacuated' 
to a high vacuum between irradiations by connecting it to the 
accelerator vacuum system.
The deuteron beam was provided by the 6 MeV Van de Graaff 
accelerator at the Atomic Weapons Research Establishment at 
Aldermaston. Deuteron beam currents of about 0.1 fuA were nor­
mally used, although the molybdenum foil entrance window of 
the gas cell was capable of withstanding over 5 pA if required, 
A beam current was chosen for each run to give a convenient 
gamma ray counting rate to avoid degradation of energy 
resolution at high counting rates. The total number of 
deuterons used for each irradiation was measured by integrating 
the beam current.
A coaxial Ge(Li) detector with a sensitive volume of 
about 20 cur was placed at a distance of 50 cm from the gas 
cell and at 9 0° to the incident deuteron beam, as illustrated 
in Figure 13- In this position the ratio of prompt neutrons to 
gamma rays incident on the detector is minimised because the 
(d,n) stripping reaction is strongly peaked forward, whereas 
the (d,p,Y) reaction is essentially isotropic. This also 
allows lead collimation to be used to eliminate unwanted gamma 
rays that arise from deuteron interactions with various parts 
of the gas cell and beam line.
The intrinsic efficiency of a typical neutron time-of- 
flight spectrometer with a scintillation detector 12.5 cm 
deameter and thickness 5 cm is about 35% for neutrons in the 
energy range 1 to 4 MeV (Batchelor et al. 1961). This means the 
the absolute efficiency for the prompt neutron detector method 
with a neutron flight path of 3 metres is about 3 x 10 . Edr tl
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3 2detection of prompt gamma rays with the 20 cm (area 8 cm ) 
Ge(Li) detector, the intrinsic full energy peak efficiency is 
about I'/o at 2 MeV, hence the absolute full energy peak 
efficiency for gamma rays with this detector at 50 cm from 
the target is about 3 x lO*’*'5. Therefore the time of flight 
spectrometer has an efficiency about x 10 that of the G-e(li) 
detector used in these experiments. With the aid of faster 
electronics and data accumulation systerrij the Oe(Li) detector 
could be placed closer to the target than the neutron time 
of flight spectrometer detector, and the increased solid 
angle viewed would largely compensate for the lower 
intrinsic efficiency.
Pulses from the Ge(Li) detector were fed via a low
noise preamplifier (with type NE 5287) to a Harwell 5259
main amplifier using integrating and differentiating time
constants of 2.0 microseconds. The amplifier output pulses
were stored in an Intertechnique 4-096 channel pulse height
analyser divided into 4 blocks of 1024 channels. The
energy resolution of the detector was about 7 keV for the
fin1.33 MeV gamma ray of 'Co^but this degraded with count 
rates above a few thousand counts per second. In order to 
accommodate a wide range of gamma ray energies a channel 
width of 10 keV was adopted for most of the measurements.
A *^Co gamma ray source was used to calibrate the 
spectrometer up to 3.5 MeV and a precision pulse, generator 
enabled the extrapolation of the calibration to higher 
energies. The detector and electronics were found to be 
accurately linear up to an equivalent gamma ray energy of 
10 MeV.
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5. 3. Results
A typical prompt gamma ray spectrum for 3 MeV deuterons 
incident on the cell containing air at a pressure of 190 torr 
is shown in Figure 14. The data was accumulated in about 
15 minutes with a deuteron beam current of 0.1 microamp. The 
prominent peak at 870 keV results from the very rapid 
(0.18 ns) decay of the first level of oxygen ^ 0  which is
a C An
p o p u l a t e d  by 0(d,p) '0. This was verified by 3 MeV
deuteron bombardment of pure oxygen in the gas cell shown in
Figure 15. This also demonstrated that the yield of other
gamma rays from alternative deuteron induced reactions on
16 17oxygen are relatively weak. The 0(d,n) 'F reaction is 
expected to give rise to a 500 keV gamma ray which is 
difficult to resolve from the strong 511 keV annihilation 
peak caused by positron emitting nuclei resulting from 
(d,n) reactions when a channel width of 10 keV is employed.
The prompt gamma ray spectrum from 3 MeV deuteron 
bombardment of pure nitrogen in the gas cell indicated that 
the remaining intense gamma ray peaks observed for air were 
due to nitrogen reactions (Figure 16). The strongly 
exothermic nature of the nitrogen reactions result in the 
population of very energetic states of the product nuclei, 
and hence can give rise to gamma rays with energies of over 
5 MeV. These high energy gamma rays interact in the germanium 
detector principally via the pair production process, and for 
the small detector used,the double escape peak is more 
prominent than either the single escape peak or the full 
energy peak. The high energy gamma ray peaks have been 
indentified in Figure 16 according to the amount of energy
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deposited in the detector, and the bracketed figures (1)
and (?) signify that they have been identified as single
and double escape peaks. On this basis the gamma rays
detected are interpreted as being of energies 5.29, 5.34,
6.84 and 7.34 MeV. These gamma rays have been identified
18 18
as ground state transitions in excited . 0  and N nuclei
produced by the reactions (d,n) 1**0 and (d,p)
although the present data was not accurate enough to assign
them more precisely.
The origins of the group of gamma rays with energies
between 1.27 and 2.31 MeV have not been positively identified,
although they are probably associated with cascade
18 18transitions between the high energy levels of 0 and N.
For the analysis of nitrogen this group is less useful than 
the more intense high energy group, since the lower lying 
gamma rays have a smaller signal to background ratio and 
are more susceptible to interferences.
Very little delayed gamma ray activity was observed 
for oxygen and nitrogen following deuteron irradiation, since
the (d,p) and (d,n) reactions lead either to stable nuclei
1 8 1 7  1 8 1 7
( N, 0) or to pure positron emitters ( ^0, F). These
positron emitters gave rise to a strong 511 keV annihilation
peak which was generally biassed off in the multichannel
pulse height analyser to reduce dead times while recording
the prompt gamma ray spectra.
A literature search revealed a surprising lack of
precise information on the gamma ray yields on these reactions.
Therefore, relative excitation functions were measured as
a function of deuteron energy. The results are
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shown in Figures 17 and 18 for the most prominent gamma rays 
from oxygen and nitrogen respectively. Some difficulty 
with beam focussing was experienced during these runs, and 
so the data should only be taken as a general indication of 
the shape of these excitation functions. The gamma ray yield* 
are expressed as the total net number of counts in the 
various photopeaks recorded for a given integrated charge of 
deuterons striking the gas cell. The 870 keV peak for 
oxygen is usable down to a deuteron beam energy of about 
2 MeV, but the yield falls off sharply below this energy due 
to the onset of Coulomb barrier effects. The peaks at 4.27 
and 5.83 MeV for nitrogen are of comparable intensity, and 
both give useful yields down to a deuteron beam energy of 
about 1.7 MeV. The MeV peak shows a marked threshold
effect at a deuteron beam energy of about-2.3 MeV. The 
deuteron energies quoted in all these figures of excitation 
functions are actual Van de G-raaff energies, and do not 
take into account energy loss in the entrance window of the 
gas cell, nor the energy spread in the gas filling. The 
energy loss in the window is about 250 keV at a deuteron 
energy of 3 MeV. The excitation runs were done at cell 
pressures of 40 torr, which gives rise to deuteron energy 
spreads of about 25 keV. At higher gas cell pressures these 
energy spreads can limit the energy resolution in the 
detection of prompt neutrons, but they do not affect the 
resolution when detecting gamma rays. This enables the 
prompt gamma ray method to ..be applied for the analysis of 
gases at higher cell pressures.
Prompt gamma ray spectra were also recorded after the
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gas cell had been thoroughly.evacuated and the total gamma 
counting rate was about a factor of 10 lower than with 190 
torr of air in the cell. A weak 870 keV peak was found due 
to oxygen absorbed on various surfaces in the beam line and 
gas cell, but there was almost no evidence of residual 
nitrogen. Several weak peaks in the 2 to 3 MeV region were 
probably due to the ^C(d,p)^C reaction from traces of 
carbon in the vacuum system arising from pumping vapours. 
Underlying these various peaks a weak continuum extending up 
to about 8 MeV was observed (Figure 19).
5. 4-. Discussion
Calibration factors for the analysis of oxygen and 
nitrogen were derived from a measurement of the strong gamma 
ray peaks as a function of cell pressure in the range of 
20 to 100 torr. This calibration factor was compared with 
the (d, n ) results of Naud^ et al. (1968). The quantity of
i
each element required to give a statistical accuracy of - 3% 
for 1 millicoulomb of deuterons at 3 MeV is shown in Table 5 
which also compares the results with the neutron time-of- 
flight method.
Table 5
MI MX MUM ELEMENTAL CONCERTRATIONS FOR - 3 jo 
STATISTICAL ACCURACY WITH 1 MILLICOULOMB OP 3 MeV SEUTBRONS
- 2
Element Elemental 'Concentrations, Microgrammes cm
Time-of-flight method Prompt gamma ray method
Oxygen 16.8 4.07
Nitrogen 28.4 3*14
These figures show that the prompt gamma ray technique is
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substantially more sensitive than the neutron counting -method, 
particularly for nitrogen. The sensitivity of the gamma ray 
method can be considerably improved by using a faster data 
acquisition system, since the present results were limited 
by counting rate considerations. The present minimum
_ O _  p
detectable levels are of the order of 10 gm cm*" and are 
limited mainly by the peak to background ratio. Commercial 
G-e(Li) counters are now available with much improved full 
energy peak to Compton ratios and nanogram sensitivity 
should be obtainable with such detectors. The high energy 
gamma rays from nitrogen reactions give rise to strong 
double escape peaks in the Ge(Li) spectra as shown. Two 
Nal(Tl) detectors placed on opposite sides of the Ge(Li) 
detector could be used to select these events with good 
efficiency whilst very strongly reducing interfering background; 
Such a system together with a larger high resolution G-e(Li) 
detector should give sensitivities for nitrogen detection 
substantially below the nanogram level.
Finally, in practice, more accurate results for the 
analysis of oxygen and nitrogen in gases will require a 
standard with a stated oxygen or nitrogen content at the same 
pressure as the sample under analysis. Air is a suitable 
standard.
The results of this work have been reported at a symposium.on 
the Use of Low Energy Accelerators held at the Borough 
Polytechnic in May 1970 (Macey and G-ilboy 1971).
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CHAPTER 6
TilBRMAL NHUTRQN ACTIVATION ANALYSIS OF SILVER FOR FILM
BADLiil DOSIMETRY
6. 1. Introduction
The conventional method of film badge dosimetry is 
based on the conversion of the optical density of a 
processed film-badge into ’apparent’ doses. Calibration of 
the optical density of the film badge versus radiation dose 
is made using either ^Co or 22^Ra gamma rays (Spiegler 
1950, Heard 1964). Optical densitometry by transmission or 
reflection is a convenient and inexpensive method for the 
measurement of radiation doses encountered in radiation 
protection procedures (Herz 1969). Alternatively, a 
determination of the silver content per unit area of the 
processed emulsion can provide similar-information and 
extend the method to the measurement of both .high and low 
radiation doses that fall outside the range of the charac­
teristic dose density curve. The limitations of optical 
densitometry methods are set by the exponential nature of 
the absorption of light in the processed emulsion. X-ray 
fluorescence spectrometry has been considered and applied to 
the analysis of silver in films exposed to typical doses 
measured by the film badge (Birks 1959, Baumgartner 1960).
A radioactivation analysis method was used in this study for 
the analysis of silver in film badges because of the 
relatively well known elemental composition of photographic 
emulsion and the possibility of purely instrumental analysis.
6. 2. Experimental Details
226A set of processed film badges exposed to. Ra 
gamma radiation were obtained from the Radiological
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Protection Board in Sutton with stated doses ranging from 
1 mrad to 10rads (G-reenslade 1970). Discs of each film 
badge 5 mm in diameter under the 0.026” Sn and 0.012” Pb 
filter were cut out and placed in a polythene vial. The 
discs were irradiated in the 'in core' location of the
University of London reactor at Ascot. This facility
12 -2 -1 provides a thermal neutron flux of 1.8 x 10 n cm sec
(G-rant 1965) for 'in core’ irradiation and possesses a
rapid transfer rabbit system. This system is capable of
transferring a polythene vial of 1.33 mm internal diameter
and 4 cm length from the 'in core ' position to the exit
station in 1 second. After the film badge discs were
activated they were transferred to a fresh vial before
counting of the induced activity.
The reaction ^^Ag (n, }f) ^^Ag was -chosen ( ^ ^Ag
relative abundance 48.7%) for the analysis of silver, as
this yields the optimum sensitivity. Also the widest
range of silver content can be covered simply by employing
different irradiation and decay times. All the discs were
individually irradiated for 24 seconds and the induced 
110Ag activity of half-life 24.4 seconds was sought. The
decay time for each disc was chosen so that the dead time
of the counting system was less than 5% using a 400 channel
Intertechnique pulse height analyser SA 40B. The 658 keV 
110gamma rays of Ag were detected with a Ge(Li) detector of
approximately 0.6 cnr sensitive volume coupled to an Ortec
preamplifier model 118 A. The detector system and associated
electronics displayed an energy resolution (full width half
60
maximum) of about 4 keV for the 1.333 MeV gamma ray of Co.
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The gamma ray spectra for four consecutive periods of
24 seconds clock, time were recorded in 100 channel blocks
of the pulse height analyser as illustrated in Figure 20.
The 630 keV gamma ray of 1<^ Ag produced by the reaction
g(n, jf )^®Ag was also observed with every sample and coulc
have been used for analysis if a long transfer time was
involved. The counts in the 658 keV peak at 46 seconds after
the end of irradiation were obtained for each disc by
extrapolation of the decay curves.
6. 5. Results and Discussion
Figure 21 shows the relationship obtained between the
counts per 24 second interval for the 658 keV gamma ray peak 
110of Ag and the measured dose in rads in air. The dose 
response curve is similar to that for the dose-density 
characteristic. The results demonstrate the potential of 
the method for the accurate assessment of radiation doses 
below and above those normally measurable by optical 
densitometry. Radiation doses down to about. 10 mrads can be 
determined with good statistical precision, and the analysis 
is non-destructive. For gamma ray energies of the order of 
30 to 70 keV it should be possible to estimate radiation 
doses as low as 500yurads because of the enhanced response 
of the film badge at these energies (Heard and Jones 1963)•
The greatest error in the method arises in the measurement
110of the induced Ag activity v/hich has a half-life comparable 
to the chosen counting period, and therefore makes dead-time 
corrections unreliable. This can be corrected for by using 
a feedback pulse-generator method which corrects for the 
changing dead time of the multichannel pulse height analyser 
during the counting period (G-orner and Hohnel 1970).
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If the silver bromide content of the film badge were
reduced, radioactivation analysis of silver could extend the
measurement of radiation dose probably to 100 rads. On the
other hand, with a 30 cirk’ Ge(Li) detector the full energy peak
110efficiency for the 638 keV gamma rays of Ag could be increase' 
by a factor of about x 30. This improvement in detection 
efficiency would extend the range of dose measurements below the 
values at which the emulsion starts to become opaque. In order 
to take full advantage of better discrimination for low doses, 
the fog level would need to be reduced by improvement in the 
chemical processing of the film.
The analysis of silver should also be capable of extending
the lower and upper limits of the track counting method used for
counting alpha particle and proton tracks in nuclear emulsion;
e.g. the mass of silver in a single 3 MeV alpha particle track
-10is of the order of 10 g if the track can be considered as a 
cylinder of silver 20 jm in length and 1 jam diameter. With a 
30 cmf’ Ge(Li) detector the minimum detectable limit is set at 
about 3 x 10 y g. Therefore, the method can measure 30 alpha 
particle tracks In an emulsion. It might also aid in the 
identification of heavy charged particles registered in nuclear 
emulsion stacks, if it could be adapted to measure the change in 
grain density along the track core (Alvial et al. 1938).
An order of magnitude reduction in the silver bromide 
content of the film badge will make it approach tissue equiva­
lence, but the detection limit of silver will nevertheless still 
allow an accurate determination of the radiation doses 
recorded. The possibility of utilising radioactivation analysis 
for a major element of tissue that can be made to undergo chemic. 
amplification comparable to that of silver in the film badge 
should prove of considerable interest in tissue equivalent 
dosimetry.
E.g. if the method used for silver analysis in the film badge
- 100-
could be extended to oxygen or nitrogen, tissue equivalent 
dosimetry could become feasible for any radiation field.
6. 4. Intenslfication
Because of the high specificity and sensitivity of thermal 
neutron activation analysis for silver, an intensification 
method was considered, For this report only a preliminary 
experiment was undertaken. A photographic image of low optical 
density can be intensified simply by activation of the imagoi
silver and placing the activated film in direct contact with an 
unexposed film. By following the decay of the induced silver 
activities (110Ag, =24.4 seconds: 10SAg, =2.3 minutes)
a range of intensities above and below the original intensity 
can be obtained by consecutive exposure. Figure 22 illustrates 
the results obtained using a resolution test scheme of 2 X-ray 
disc images of various diameter and separations. Clearly, the 
method has the, ability to make visible images that are otherwise 
too dark or too light to be ’seen’ in the original of a 
radiograph, film badge, alpha particle or proton counting 
scheme employing nuclear emulsion (Barkas 1961). Intensificatio; 
and the reduction in intensity of photographic images by factors
of the order of about 100 are possible with thermal neutron
1 2 - 2 - 1  fluxes of 10 n cm sec . The finite loss in spatial
resolution of the image is due mainly to the range of the beta
particles, and this could be reduced by employing more intimate
contact between the activated and unexposed film.
The intensification technique might be useful in emphasisi: 
very weak lines in mass spectrometry. Each isotope would activa 
quite differently in general, and weak peaks could be resolved 
from very intense neighbours in favourable cases.
The results of this work have been reported at the 2nd 
Symposium on Recent Developments in Meutron Activation Analysis 
held in Cambridge, July 1971 (Macey and G-ilboy 1971) *
8 mm , .„0 separation 1 <L mm
t^ * 10 sec
3 min'wait
10 sec
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CHAPTER 7
DETERMINATION OF ALUMINIUM IN GERMANIUM
7. 1. Introduction
The development of large volume G-e(Li) detectors for 
gamma ray spectrometry is dependent on the availability of 
ultra-pure germanium. The energy resolution of these 
detectors appears to depend principally on the germanium 
material utilised, and the influence of the detector 
processing technique can be disregarded (Chartrand and Malm 
1967). Some detectors exhibit a pronounced tail on the low 
energy side of the full energy peak and departure from the 
idealised energy resolution of 1.8 keV for a 1 MeV gamma ray. 
This has been assigned to the presence of trapping centres, 
i.e. a nonhomogeneous distribution of impurities in the 
germanium crystals (Webb et al. 1968). Trace levels of these 
impurities have severe and adverse effects oh the energy 
resolution characteristics of these detectors. Aluminium is 
one of the dopants used as a compensator for these impurities 
(Edwards and Wilburn 1967), and typical concentrations of 
this element in germanium are of the order of a few ppm.
This study was concerned with an investigation of the 
feasibility of a non-destructive nuclear method to determine 
aluminium and check the homogeneity of this element.
Analysis by mass spectrometry of Hoboken (Belgian supplier) 
ingots of germanium indicated that aluminium was present at 
trace levels, but the method gave inconsistent results due 
to the sample size utilised for the analysis. The mass 
spectrometry measurements were only semiquantitative 
(-factor x 3), since the sensitivities for determining
-103-
aluminium in a germanium matrix are unknown. The incon­
sistent results for aluminium were attributed partly to 
the inhomogeneity of the aluminium content.
Preliminary results with thermal neutron activation 
analysis of aluminium in germanium combined with Ge(Li)
gamma ray spectrometry-proved unsuitable, since counting
28of the induced A1 (half-life 2.3 minutes) was hampered by 
the intense activity of the germanium isotopes produced 
simultaneously. For 1 g of germanium, the total activity
induced by irradiation for 2 minutes in a thermal neutron
1 2 - 2 - 1  flux of 4 x 10 n cm sec is of the order of 50 mCi.
This level of matrix activity rules out the possibility of
a non-destructive method for the analysis of aluminium in
germanium. However, thermal neutron activation analysis
combined with radiochemical methods and gamma ray spectrometi
has been applied to the quantitative identification of many
trace elements in ultra-pure germanium (Morrison and Cosgrove
1955). A 920 jig standard of aluminium on irradiation in
a thermal neutron flux of ( x 10^ n cm  ^ sec  ^ (HERALD
reactor, AWRE Aldermaston) for 2 minutes gave a full energy
5 3peak count of about 10 counts in 400 seconds using a 20 cm
Ge(Li) detector. This represents a lower sensitivity limit
of about 10 jig for aluminium i.e. 1 ppm in a 10 g
germanium sample.
7* 2* 3 MeV Deuteron Activation
Because of the problems associated with thermal
neutron activation analysis of aluminium in germanium a
charged particle activation method was chosen. This choice
is made on the basis of the higher nuclear charge of
- 104-
germanium (Z = 32) compared v/ith that of aluminium (Z = 13), 
which should enable a charged particle energy to be selected 
that will allow penetration of the Coulomb barrier of 
aluminium but is not sufficient to sensibly penetrate the 
Coulomb barrier of germanium.
p 7 p o
The feasibility of using the reaction Al(d,p) A1 as
a method for the determination of aluminium has been
investigated (Schuster and Wohlleben 1968). Typical
-10sensitivities quoted are 5 x 10 g aluminium for a 3 MeV
- 2deuteron beam of 5 fik cm and a 3M x 3" Nal(Tl) detector.
7. 3. Method
The germanium samples were 5 Hoboken ingots and 5
GEC/AEI 19/Vieille Montagne ingots, all cut to 2 cm in length
2and 2.5 x 2.5 mm area and supplied by the semiconductor 
development group at the Atomic Weapons Research Establishment 
(AWRE) Aldermaston. The irradiations were made in the 
vacuum system of the beam line of the AV/RE 6 MeV Van de Graaff 
accelerator. After irradiation the samples were transferred
•x
to another room and placed directly on a 20 cm Ge(Li) 
detector. The irradiation, cooling and counting times used 
were all equal to the half-life of the radioactive product 
28A1 (2.3 minutes).
The germanium samples were irradiated with a 10 p.A 3 MeV 
deuteron beam as they were capable of withstanding fairly high 
temperatures. The aluminium standards were irradiated with 
a 1 juA deuteron beam. A tantalum collimator 3 mm in diameter 
was placed about 3 cm in front of the irradiation position.
The detector and associated electronics exhibited an 
energy resolution of about 5 keV for the 1.33 MeV gamma ray
adjusted to keep the dead time below 10$'using a 400 channel 
RIDL pulse height analyser.
ppm aluminium is shown in Figure.23* A gamma ray spectrum 
recorded for a typical germanium sample is shown in Figure 24. 
Typical concentrations of aluminium in germanium from this 
work are given in Table 6-.
Some of the germanium ingots were found to contain a 
different concentration of aluminium at the front and rear 
surfaces. The variation of aluminium across the face of both 
a Hoboken and a GEC/AEI ingot was studied by irradiating 
three areas on the front and rear surface of each sample. No 
significant difference was found across the front or rear of 
either sample.
7. 4. Standards
Since germanium powder was found to be difficult to 
compress into robust pellets even with pressures of the order 
of 20 tons per square inch, standards were made up by doping 
zinc with various concentrations of aluminium. Zinc (Z = 30) 
has an atomic number close to that of germanium, and as such 
introduces no appreciable difference in atomic stopping power 
(A.S.P.)
60of Co. The decay time of the samples and standards was
O Q
The calibration curve of induced A1 activity versus
For germanium the ASP isOC 8.6
and for zinc
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TABLE 6 TYPICAL CONCENTRATIONS OF ALUMINIUM IN GERMANIUM
DETERMINED BY 3 MeV DEUTERON ACTIVATION     .    ,    n   ,.
SAMPLE POSITIONANALYSED
10 pA
PHOTOPEAK
COUNTS
1*1 j^A
PHOTOPEAK
COUNTS
ppm Al
1 FRONT 218 24.0 13
1 REAR 231 25.4 14
2 FRONT 357 39.3 21
2 REAR 349 38.4 20
3 FRONT 82 9.0 4.4
3 REAR 228 25.1 14
4 FRONT 138 15.2 7.6
4 REAR 546 60.0 34
5 FRONT 217 23.8 13
5 REAR 499 55.0 31
SENSITIVITY LIMIT SET AT ABOUT 1 ppm FOR ALUMINIUM IN GERMANIUM
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This follows from the fragg-Kleeman Rule (1955) which states 
that the ASP is directly proportional to the square root of 
the atomic weight. .
Zinc was chosen since it also possesses the property 
of becoming ductile at temperatures of 100 to 150°C. Sound* 
robust pellets were formed by compressing a homogeneous 
mixture of aluminium and zinc powder in a vice and heating 
the mixture with a coal-gas flame to around 100°C. The 
pellets formed by this simple procedure were found to be 
capable of withstanding typical temperatures encountered by 
a target cooled by compressed air whilst bombarded with a 
3 meV deuteron beam of the order of 1 jiA*
1• 5. Interferences
The presence of silicon or magnesium may complicate
the analysis of aluminium by deuteron activation since they
28 ' also yield A1 by the exothermic reactions
3°Si ( d ) 28A1 Q = + 3.12 MeV
26Mg {&,t ) 28A1 Q = + 13.77 MeV
Zinc standards doped with about 1 yo silicon indicated that
28the production of A1 by this reaction was not detectable
'Z
with a 1 pA beam of 3 MeV deuterons and the 20 cm G-e(Li)
p o
detector. The possibility of producing A1 by 3 MeV 
deuteron activation of magnesium v/as not checked 
experimentally since it is well known that (d. ) reactions
have relatively small cross-sections compared with (d,p) 
reactions. This interference could only be important if 
aluminium were sought in a -magnesium matrix.
- 110-
7. 6. Conclusion
A 3 MeV deuteron beam was utilised for the determination
of aluminium in counter grade germanium using the reaction
27 28A1 (d,p) Al. Due to the short range of 3 MeV deuterons 
in a solid ( a few ^m) the method only measures aluminium on
i
the surface of the germanium ingot but can be used to yield
profile scans along an ingot. The ultimate sensitivity of
the method for a 10pA beam and 20 cm Ge(Li) detector is of
the order of 1 ppm aluminium in germanium. The mass of
germanium analysed using a 3 MeV deuteron beam 3 mm in
diameter is about 10 g. Therefore the minimum detectable
-9limit for aluminium in germanium is of the order of 10  ^ g.
The method is attractive as it is essentially non-destructive 
and highly specific. Furthermore, the method should be 
suitable for the determination of aluminium in other high 
atomic number matrices.
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CHAPTER- 8
THERMAL NEUTRON RADIOACTIVATION ANALYSIS OF COBALT.
MOLYBDENUM AND SELENIUM IN SOIL AND HERBAGE
8. 1. Introduction
The purpose of this study was to investigate the 
feasibility of purely instrumental thermal neutron 
radioactivation analysis of trace elements in soil and 
herbage and compare the results obtained with conventional 
methods. The advent of large volume G-e(Li) detectors with 
their superior energy resolution and sensitivities 
approaching that of the traditional 3" x 3" Nal(Tl) detector 
for gamma ray spectroscopy has considerably increased the 
scope of purely instrumental activation analysis. The 
important question that arises for this study is whether the 
superior energy resolution offered by the. semiconductor 
detector permits the non-destructive analysis of cobalt, 
molybdenum and selenium at the levels encountered,in soil 
and herbage in U.K. samples. These elements were chosen 
for this study because the detector sensitivity tables 
(idealised) indicate that they could be more sensitively and 
selectively detectable by thermal neutron activation analysis 
than by atomic methods employed by the Imperial College 
group (Morrison and Skogerboe 1965).
The soil and herbage samples were collected for the 
elemental distribution map of England and Wales under 
preparation by the Geochemistry Department of Imperial 
College, London. These samples were kindly supplied by 
Dr. Thornton of the Geochemistry Department, who was also 
responsible for the analysis of the soils by emission
- 112-
spectrography and the herbage by colorimetry. The 
precision considered adequate for their survey was £ 25$.
8. 2. HERALD Reactor Study
8. 2. 1. Irradiation
The 5MW HERALD reactor at A.W.R.E. Aldermaston was 
used in a search for cobalt, molybdenum and selenium in the 
soil and herbage. This reactor provides thermal neutron 
activation analysis with two facilities. The in-core
13facility provides a high thermal neutron flux of 5 x 10 n 
- 2 - 1cm sec and long irradiation times. However, the problems
of radiation damage at elevated temperatures necessitate 
special containment in silica ampoules. In addition*the 
samples must by regulation be allowed to decay for about 
two days before they are released for counting. This means 
effectively a long transfer time from the-end of irradiation
to counting of the samples. An alternative rabbit facility
1 2of the reactor provides a thermal neutron flux of 4 x 10' n 
- 2  -1cm sec and has a transfer time of about 8 seconds from
the thermal column to the rabbit pneumatic tube exit port. 
Irradiation periods in the rabbit are restricted to a 
maximum of about 60 minutes. All the samples irradiated in 
the rabbit were sealed in high purity polythene containers 
4 cm in length and 5 mm internal diameter. Typical masses
of herbage and soil samples analysed in the in-core facility
were 100 and 50 mg respectively. For irradiation in the 
rabbit facility the mass of soil and herbage samples were 
about 1 g and 500 mg respectively,
8. 2. 2. Counting Facility
The gamma rays of the activated soil and herbage 
samples were detected in a coaxially drifted G-e(Li) crystal
-113-
3of approximately 20 cm sensitive volume operated under a
reverse bias of 1000 volts. The detector output was fed
via a Euclear Enterprises preamplifier EE 2823 to a main
amplifier EE 5259 which used double integration and
differentiation time constants of 2 microseconds. The
amplifier output was recorded in a 400 channel RIDL pulse
height analyser. The detector system and associated
electronics showed a full' energy peak to Compton ratio of
1 37over 9:1 for the Cs 662 keY gamma ray and an energy
resolution (fwhm) of about 7 keV for the 1.333 MeV gamma 
6 0ray of Co using the 400 channel pulse height analyser 
with a calibration of about 3 keV per channel. Superior 
energy resolution of about 5 keV was possible with a 
calibration of 1 keV per channel.
The total gamma ray count rate in the electronics 
and pulse height analyser was kept below 10^ counts per 
second so as to prevent count rate broadening of the peaks 
in the spectra recorded. The source to detector distance 
was adjusted so as to keep the dead time correction below 
about 10?b. All the samples were counted in the live time 
mode.
The absolute full energy peak efficiency of the G-e(Li) 
detector in the range 200 keV to 2 MeV was determined using 
a standard Ra source (Ewan & Tavendale 1964 ). A
00  Cs
cylindrical source of Ra was placed in the positions 
corresponding to the soil and herbage samples at the 
various counting distances used, and with the axis of the 
source cylinder parallel to the axis of the detector. 
Correction factors for self-absorption of gamma rays in the
- 1 1 4 -
226Ra source encapsulation were applied using the mass 
attenuation coefficients tabulated by Siegbahn (1965)- The 
relative gamma ray intensities from Ra as determined by
Ewan and Tavendale (1964) were used. The absolute full energy
y
peak efficiency of the 20 cm^ Ge(Li) detector at the distances
employed to count the soil and herbage samples is plotted
versus gamma ray energy in Figure 25* The accuracy of the
full energy peak efficiency curve was estimated as £ 4%.
8. 2. 3* Search for Cobalt
All the pertinent nuclear data of interest such as
reactions, cross-sections, half-life of product isotope,
typical sensitivities etc. possible for thermal neutron
irradiation in the rabbit and the in-core facility of HERALD
are illustrated in Table 7- The reaction ^Co(n, t ) ^ mCo
appears to yield the best sensitivity for the short irradiation
times involved. However, the difficulties of counting such a
short-lived product nuclide and the relatively low energy gamma
ray of ^ m0o were problems encountered in practice, especially
since the reactor was remotely situated from the counting system,
necessitating a minimum transfer time of 10 to 15 minutes.
60hlIn view of the difficulties involved with Co, the 
60product nuclide Co (T^ = 5*27 years) was sought in the soil 
and herbage samples that had undergone in-core irradiation for 
5 days. The samples were allowed to decay for 2 days 
before recording the gamma ray spectra. Typical gamma ray 
spectra from a soil and herbage sample are illustrated in 
Figures 26 and 27. The source to detector distance for the 
soil and herbage samples were 4 and 14 cm respectively,
FIGURE 2.5 ABSOLUTE PHOTOPEAK EFFICIENQY CURVES FOR A 0.6 cm3 AND 20 cm3
Ge(Li) DETECTOR COMPARED WITH A 3 X 3” Nal(Tl) DETECTOR
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these distances being chosen to reduce the count rate of the 
system and keep the dead time of the pulse height analyser 
below 1C
The cobalt standards of a few mg represented high 
activity sources after 5 days in-core irradiation. In order 
to keep the pulse height analyser dead time below 25^ ; the 
standards were counted at a number of positions within 30 to 
90 cm from the detector. The count rates at 4 and 14 cm 
source to detector distance were obtained by extrapolation 
of the counts versus distance curve for each standard. The 
validity of this extrapolation was verified by counting a 
weak source of similar size and shape to the standards at a 
number of source to detector distances. An empty silica 
ampoule that was irradiated simultaneously with the samples 
and standards was counted to check for purity and cobalt 
content.
fciC)
The 1.173 MeV and 1.333 MeV gamma rays of Co were 
detected in all the soil and herbage samples. Repeat counts 
of all the samples were made after a further decay period of 
1 week and 1 month to check the cobalt analysis. In addition 
to cobalt, all the soil and herbage samples indicated the 
presence of scandium, iron, europium and antimony. The 
analysis for these elements could be quantified to an 
accuracy of - 25L>, attributable mainly to errors involved in 
making an absolute determination.
8. 2. 4. Comparison, with Conventional Methods
The analysis of cobalt in the soil and herbage samples 
was compared with the data obtained by emission spectrcgraphy
for the soils and colorimetry for the herbage. Table 8
compares the results obtained^ and Figures 28a and 28b are
drawn to demonstrate the degree of correlation. Good
absolute agreement was found for the analysis of cobalt in
soil by thermal neutron activation and emission spectrography.
Deviation in the correlation could be assigned to experimental
errors in the two methods, since the precision of emission
spectrography was given as i 25$.. Poor absolute agreement
was observed for the analysis of cobalt in herbage by thermal
neutron activation and colorimetry. The analysis by neutron
activation is in all cases higher and no explanation could
be offered for this poor correlation. Thermal neutron
activation would be expected to yield a larger value, since the
method is not affected by chemical binding.
The only interferences expected in the determination of
cobalt by thermal neutron activation is from the presence of
60 60nickel or copper via the fast neutron reactions Ni(n,p) Co- 
and ^Cu(n, )^Co. To check this possibility, soil and 
herbage samples were irradiated for 30 minutes in the thermal 
neutron flux of the rabbit facility in HERALD. No nickel or 
copper could be detected by looking for the neutron capture
CCZ C.A
products Ni and Cu, indicating that these elements are 
only present at or below trace levels. These interferences 
would only be important if cobalt was sought as a trace 
impurity in a nickel or copper matrix using reactor neutrons.
The detection limit for the instrumental activation 
analysis of cobalt with an irradiation period of 1 week in a
i *2 A
thermal neutron flux of 5 x 10 ;n cm“2 sec~ was found to be
T A JP J j-E i O  UUlYUtr A-K.JLOU1M U f  U U -D A Jb-L ' A IN IA JU X iD  J .D  £>1 1N A U XTLU 1V  A U l ' J .  V A X  JL U A
AMD OOWCTTIQNAL METHODS
Sample
Number
Mass
mg
I Cobalt Content ppm
Neutron 
Activation 
± SD
Emission 
Spectrography 
i 25%
540053 128.89 22.2 - 0.28 19
540055 102.78 17.8 t 0.26 17
540056 120.82 20.4 - 0.47 13
540057 130.06 11.9 - 0.22 15
540099 82.86 20.4 - 0.33 23
540209 90.04 24.3 - 0.75 20
540213 69.84 5.12 - 0.55 5
540221 71 .95 13.2 ± 0.57 11
540225 77.51 12.0 ± 0.69 20
540245 98.93 41.3 - 0.42 40
Cobalt Content ppm
Sample Mass Neutron Colorimetry
Number mg Activation
- SD
'
i 25fo
540700 42.69 0.25 - 0.02 0.113
540705 40.94 0.22 ± 0.02 0.079
540707 60.18 0.34 - 0.05 0.106
540710 33.78 0.27 - 0.03 0.072
540711 58.94 0.17 - 0.02 0.087
540713 42.30 0.093 - 0.01 0.076
540714 43.50 0.26 - 0.08 0.096
540717 36.18 0.27 - 0.07 0.185
540719 34.81 0.54 - 0.03 0.114
540724 36.53 j
!
.... ,.
0.22 - 0.03 0.093
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/ -9 vabout 0.040 ppm ( 2 x 10 g in a 50 mg sample) in herbage
—7and about 0.600 ppm (6 x 10 g in a 100 mg sample) in soil wi'i 
the particular detector and counting geometries employed. The 
signal to background ratio varied from about 0.5 to 1 for the 
herbage and 0.3 to 2 for the soil samples.
8. 2. 5. Search for Molybdenum
All the nuclear data concerned with the thermal neutron
radioactivation analysis of molybdenum is summarised in
Table 9. The reaction ^8Mo(n, ^  )^Mo (T^ = 14.6 min) was
considered to yield the best sensitivity for a 1 hour
irradiation period in the rabbit facility of HERALD. This
sensitivity represents 6 ppm in a 1 g sample of soil or
herbage which was considered to be above the levels sought
(typically 1 ppm). The reaction ^Mo(n, X )^Mo yields the
best idealised sensitivity for an irradiation period of 1 week
—8in the ’in core’ facility, and the detection limit of 5 x 10 
represents 0.5 ppm in a 100 mg sample of soil or herbage.
The 141 keV gamma ray of ^ Mo (T^ . = 66 hours) was sought 
in the gamma ray spectra of all the soil and herbage samples 
that had undergone ’in core’ irradiation for 1 week in HERALD. 
This comparatively low energy gamma ray is particularly 
susceptible to gamma ray detection interference from the 
Compton background of higher energy gamma rays of longer-lived 
product isotopes present in the soil and herbage. All the 
soil and herbage samples failed to exhibit the presence of 
molybdenum. .
For the soil samples the background recorded in the 
region 01 141 keV, was about 10^ counts in 30 minutes which 
means that the minimum detectable limit for molybdenum was set
-124-
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-7ab about 1.5 x 10 g, i.e. about 1.5 ppm in a 100 mg soil 
sample. In the case of the herbage samples, the background 
in the region of the 14-1 keV peak was about 2 x 10^ counts 
in 50 minutes which represents a minimum detectable limit of 
about 7 x 10~8 g, i.e. again about 1.4 ppm in a 50 mg herbage 
sample.
8. 2. 6. Search for Selenium
All the pertinent data for thermal neutron radio­
activation analysis of selenium is summarised in Table 10.
The two reactions of interest for the analysis of trace levels
of selenium are ^8Se(n, ) ^ mSe (1\ = 17-5 sec) and
"2
^Se(n, V )^^Se (Tj_ = 121 days). The former reaction was
2
considered attractive in spite of the inferior sensitivity 
because of the possibility of reducing the background of 
longer-lived gamma emitting product isotopes of other matrix 
elements with short irradiation times.
Figure 29a illustrates the gamma ray spectrum recorded 
for a 1.58 mg selenium standsnd that had been irradiated for 
17 seconds in the rabbit facility of HERALD, allowed to decay 
for 70 seconds and counted with a 20 cm^ Ge(Li) detector for 
17 seconds in the clock time mode of a 400 channel pulse 
height analyser. The long decay time was required to keep the 
dead time of the analyser below 50%. Figures 29b and 29c 
illustrate the gamma ray spectra recorded from two herbage 
samples using a 17 second irradiation, decay and count time.
The dead time of the pulse height analyser varied from 1 to 5% . 
for individual herbage samples. On the other hand, each soil 
sample gave a dead time reading of about 80% (corresponding to 
about 10^ counts sec~^) which led to serious spectrum degradation
- 126-
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■The analysis of selenium in soils using the product ^ mSe is
therefore not viable because of the high activity of other
gamma ray emitting products present.
Figure 30 is a calibration curve for the 160 keV peak of
^ mSe recorded with the 20 cm^ Ge(Li) detector using an
irradiation, decay and count time of 17 seconds. The 160 keV 
77m
'1 Se peak was found m  3 of the 10 herbage samples analysed.
The background under this peak indicated a detection limit of
about 30 ng which corresponds to a sensitivity of about 1 ppm 
•*
for a 30 mg herbage sample.
The dead time correction problems associated with
77m
counting the 160 keV gamma ray of (‘ Se could not be■readily 
solved with the present detector and electronic arrangement. 
Samples that did exhibit the 160 keV gamma ray could be 
quantified using a mean dead time derived from the initial and 
final dead times recorded on the meter of the pulse height 
analyser at the beginning and end of the counting time (Oswald 
1961). However, this correction for the dead time is subject 
to considerable error. A possible solution to such counting 
problems which arise when the decay time of the induced 
activity sought is comparable to the counting period might be 
to use a feedback pulse generator method to correct for dead 
time losses.
The reaction ^SeCn, Y )^Se was also considered feasible 
for the analysis of selenium at the ppm level. The 265 keV 
gamma ray of ^Se could not be ’seen' in the gamma ray spectra 
of any of the soil and herbage samples that had undergone 
irradiation for 1 week in the in-core facility of HERALD.
The backgrounds for 30 minutes count in the region of
IL
the 265 keY peak were 2.8 x 10 counts for the herbage samples 
and 1.2 x 10^ counts for the soil samples. This means that
- 129-
FIGURE 30 CALIBRATION DATA FOR 77mSe GAMMA RAYS FOR 17 SECOND IRRADIATION
COUNTS IN 
160 keV 
PEAK
1
1
17 seconds
:wait “ secon&s
17 secondscount
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the sensitivity for selenium in a 50 mg herbage and a 100 mg
soil sample was set at about 2.8 ppm and 28 ppm respectively
for the particular detector and counter geometry employed.
8. 3. University of London Reactor Study
8. 3. 1. Irradiation
The 100 kW London University research reactor CONSORT
at Ascot was used in the latter part of this study in a
search for cobalt in the soil and herbage samples. This
reactor offers two irradiation positions for samples. The
’in-core* facility has a rabbit system with a transfer time
1 2of 1 second and provides a thermal neutron flux of 2 x 10 n 
- 2 -1cm sec . The thermal column position relies on manual
loading and unloading of samples and provides a thermal
9 - 2 - 1neutron flux of about 2 x 10^n cm sec . Manual loading 
and unloading can be done in about 60 seconds. Irradiation 
in the ’in-core* position is restricted to any time less than 
60 minutes, whereas the thermal column position can be used 
for long term irradiation.
Since the thermal neutron fluxes are limited in this 
reactor, radiation damage problems are less severe and 
typical temperatures encountered even in the ’in-core' 
facility are below 50°C. Therefore, all the samples for 
irradiation were sealed in high purity polythene containers 
5 cm in length and 3 mm internal diameter.
8. 3. 2. Counting Facility
The gamma ray spectra of the activated soil and herbage 
samples were detected in an encapsulated Ge(Li) detector 
0.6 cm^ sensitive volume operated v/ith a reverse bias of 800
volts. The detector output v/as fed via an Ortec preamplifier 
model 118A to a Harwell 2000 series main amplifier which used 
integration and differentiation time constants of 2 
microseconds and 5 microseconds respectively. The amplifier 
output was fed to a 400 channel Intertechnique pulse height 
analyser SA40B. The energy resolution (fwhm) of this G-e(Li)
detector and associated electronics was 4 keV for the 1.333
60MeV gamma ray of Co and the photopeak to Compton ratio for
60this gamma ray of Co was about 2 : 1. As detailed
previously, the maximum counting rate to the detector and
associated electronics was limited to 10^ counts per second
226to minimise energy resolution degradation problems. A Ra 
source of stated activity was used to determine the absolute 
photopeak efficiency of the G-e(Li) detector in the energy 
range 200 keV to 2 MeV, and Figure 25 compares this with the 
efficiency of a 3 x 31 Hal(Tl) detector and the 20 crn^  
detector used in the. HERALD experiments.
8. 3. 3. Search for Cobalt
The (n, Y) product ^0mCo (Ti = 10.5 min) was chosen in 
this search for cobalt because of the limited size of the 
G-e(Li) detector available and the proximity of the counting 
system to the reactor. The nuclear data for cobalt given in 
Table 7 indicates that the detection limit using the product 
^ mCo should, in theory, enable analysis to be made at the
ppm level in 1 g samples of soil or herbage (Westermark and
Eineman 1959). This is in spite of the high internal 
conversion of this transition which limits the gamma ray 
output.
-132-
A cobalt standard was irradiated for 10 minutes in the
’in-core’ facility of CONSORT, allowed to decay for 10
minutes and counted with the 0.6 cnr G-e(Li) detector for 10
minutes. The net counting rate in the 59 keV photopeak v/as
1250 counts per minute per yug cobalt. This indicates an
-2idealised detection limit of 8 x 10 jug, which for a 1 g 
sample represents 80 ppb. This is an order of■magnitude 
better than the sensitivity quoted in Table 7, because the 
efficiency is higher than that assumed for this relatively 
low energy gamma ray.
Figure 31 illustrates the gamma ray spectrum of a soil 
sample (mass = 100 mg) that was irradiated for 10 minutes, 
allowed to decay for 10 minutes and finally counted for 10 
minutes with the Ge(Li) detector. The sample had to be placed 
10 cm from the Ge(Li) detector in order to limit the count 
rate and avoid spectrum distortion problems, and also to keep 
the analyser dead time below 30%. This change in counting 
geometry from that employed with -the cobalt standard leads to 
an order of magnitude loss in absolute detection efficiency. 
The sample size is also restricted, which means the detection 
limit for cobalt, neglecting background, using the product 
^ mCo is set at about 10 ppm. Some of the gamma ray emitting 
products in the soil responsible for the intense background 
under the 59 keV peak region of the gamma ray spectrum are
58C1 (Ti = 38 rain). 56Mn (T, = 2.58 hr) and 24Na (Ia - = 15 hr).
2 2 2
These matrix activities limit the analysis of cobalt in soil 
to around 50 ppm. The 59 keV gamma ray of Co was, 
therefore, not observed in any of the soil or herbage samples .
-133-
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8. A • Discussion
01' the three elements cobalt, molybdenum and selenium
sought in the soil and herbage samples by purely Instrumental
activation analysis, only cobalt was determined with any
confidence. The suitability of using short-lived Isotopes
for non-destructive radioactivation analysis is dictated
principally by the matrix activity and the energy of the
gamma ray sought. The high resolution Ge(li) detector does
not add significantly to the feasibility of the analysis of
these elements compared with the traditional Nal(Tl)
60scintillation spectrometer. Even Co can be detected in the 
presence of Fe by Eal(Tl) scintillation spectrometry 
(Salmon 1957). However, the specificity of an analysis using 
the Ge(Li) detector is of great value. Larger detectors with 
faster electronics and data accumulation systems may improve 
the' detection limits of many elements sought*in a chosen 
matrix that does not present a high gamma ray background to 
the gamma ray sought.
CHAPTER 9
DETERMINATION OP LEAP IN PAINT
9* 1. Introduction
Lead is an element that is difficult to detect "by radio-
activation analysis with thermal neutrons using the usual
(n,K ) reactions because the yield of radioactive products is
particularly low - the atomic number of lead is a magic number
POP
and the most abundant isotope of lead Fb (% abundance = 52.3) 
is doubly magic. Nevertheless, since lead is one of the most 
widely used elements in industry, in batteries, piping, coloured 
pigments etc. , and it is highly toxic, it can constitute a 
hazard to all living organisms. A purely instrumental method 
that might be useful for the determination of trace and minor 
levels of lead was sought. The purpose of finding such a 
method was to analyse the lead content of paint samples and 
compare the results with some colorimetry measurements. A 
research group in St. Mary's Hospital, London was particularly 
interested in lead toxicity problems that exist for children 
from old paint films in old housing areas in Paddington, and 
they kindly supplied samples of these films (Barltrop 1969).
The sensitivities of:seven methods commonly employed for 
the determination of lead are compared in Table 11. Radio­
activation analysis appears to offer relatively poor sensitivity 
and it was decided that the method might only be useful if a 
rapid non-destructive analysis was possible for the relatively 
high levels of lead expected in the paint samples.
9. 2. Sensitivity
All the important nuclear reactions, cross-sections, half- 
lives etc., for the naturally occurring isotopes of lead are 
summarised in Table 12. The idealised instrumental gamma
-136-
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LEAD
ray sensitivity of each product radioisotope formed by thermal 
neutron and fast neutron reactions is indicated for a 3n x 3"
•z
Nal(Tl) detector and a 20 cnr Ge(Li) detector. The sensitivity 
indicates the number of yxg of lead with normal isotopic 
composition that would give a photopeak counting rate for a 
product nuclide of:
1000 counts per minute if Ti *<1 minute
100 counts per minute if 1 rainutecTiCl hour
2
10 counts per minute if Ti 1 hour.
2*
The product nuclide 2^Pb(T^ = 3.3 hours) of the reaction
2^Pb(n, ^  )2C^ Pb emits only beta particles of maximum energy
635 keV. Although this reaction offers the best sensitivity
for thermal neutron activation analysis of lead, it necessitate!
chemical separation. The sensitivity of this reaction using
13 -2 -1a thermal neutron flux of 5 x 10 n cm sec • is approximately 
0.2 yug (Reed et al. 1960).
The excitation reaction 2^Pb(n,n’ )^ >^^ mPb appears to 
offer a reasonable gamma ray sensitivity with reactor fast 
neutrons, and the product nuclide has a convenient half-life 
of 67 minutes. Excitation reactions of this type are produced 
either by fast neutron inelastic scattering or high energy 
photon interactions^ both of which take place in a nuclear 
reactor. Por this reaction to occur with fast neutrons the 
energetic neutron must interact with the nucleus of 20^Pb and 
recoil leaving part of its energy within the nucleus. The 
energy threshold for this reaction is about 2.2 MeV (Heert^e 
et al. 1964). This excites the nucleus to a metastable state 
and the nucleus then decays with its characteristic half-life 
to the ground state. The gamma rays emitted in this case are
-139-
912, 375 and 899 keV.
The reaction ^^Pb(n,2n)^9^Pb for 14 MeY neutron 
activation also appears to yield a comparable sensitivity, 
since it has an energy threshold of 8.4 MeY (Heertje et al.
1'964). The relatively long half-life of the product nuclide
203
' ' Pb (T'l = 52 hours) permits a large number of samples to be 
analysed as a batch. The long half-life could be useful if a 
large amount of short-lived activities are present in the 
sample.
A 40 MeV alpha-particle activation method has also been 
devised for the determination of lead in meteorites. The
abundances of ^^Pb, ^^Pb and ^®Pb have been determined
-Q ‘with a sensitivity of about 5 x 10 g for Pb and Pb,
and 1 x 10“9 g for ^^Pb (Cobb 1960).
9. 3- 14 MeV Neutron Activation Analysis .
A preliminary experiment was carried out to investigate
the feasibility of using an accelerator 14 MeY neutron source
203for the analysis and detecting ' 0?b from the reaction
^9^Pb(n,2n)^(^ Pb. A Cockroft-Walton accelerator produced the
314 MeV neutrons from the reaction T(d,n,) He^  and with a beam
Q
current of 750yxA a fast neutron flux of about 10 neutrons 
—  2 —1cm sec was obtained. The samples and standards were 
irradiated for 1 hour, A Ce(ld) detector with a sensitive 
volume of 20 cm gave a sensitivity limit of about 3 nig lead. 
The long half-life of ^^Pb can enable a large batch of sample 
to be irradiated simultaneously. The inhomogeneity of the 
neutron flux and target deterioration problems were 
disadvantages encountered in practice. A standard was placed 
in front of and behind each sample to correct for neutron
flux inhomogeneity,
A second radioactive product of lead that was also 
investigated for the analysis using the Cockroft-Walton
Figure 32 illustrates the gamma ray spectrum recorded 
with a 3” x 3” Nal(Tl) detector for a 66 mg lead standard
accelerator had a transfer time of about 1 second from the 
neutron irradiation site to the detector. The low photopeak 
counts obtained (about 7209 counts per 5 sec per 65 mg Pb) 
even with a Nal(Tl) detector limited the sensitivity to about 
10 mg Pb.
These preliminary experiments indicated that 
instrumental activation analysis using 14- MeV neutrons for 
the analysis of lead is not feasible. This is largely due to 
the relatively modest flux obtainable from the Cockroft-Walton 
accelerator and difficulties in counting the rapid 0.8 
second ^0^mPb activity.
9. 4-. Reactor Irradiation
The HERALD reactor based at A.W.R.E. Aldermaston 
provides the thermal and fast neutron fluxes shown below with 
the reactor operating at 5 -MW.'
Position Thermal flux. Fast or Fission
accelerator was ^ ^ ^ b  with a half-life of 0.8 second. The
three reactions capable of yielding this product are
207m.
using the product ^ ^ ^ b .  The rabbit on the Cockroft-V/alton
In Core
- 2flux.n cm sec 
1 .5  x  1015
Rabbit
VT.6
4 x 1012
- 1 4 1 -
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FIGURE ^  GAMMA. RAY SPECTRA OF LEAD STANDARD OBTAINED WITH A Nal(Tl)
DETECTOR US BIG 14 MeY ACCELERATOR NEUTRONS 
REACTION 207Pb(ngng)207mPb
Irradiation time 6 seconds 
Decay time 2 seconds
Count time 5 seconds
1600
ju + t
VO
1200
800 H
+ t
CSJ
400
30C150 2001000
CHANNEL NUMBER--------- O
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The neutron energy spectrum of the fission neutron flux 
in the Rabbit and VT6 had also been investigated using a 
threshold activation scheme, and these are given below.
Position 1.3 Me V > 2 . 7  MeV
Rabbit 7 x 1 0 11 1011
VT6 5 x 1011 2 x 1011
The average fast neutron energy is, therefore, about 1.5 MeV 
and the most probable energy about 1 MeV. The fast neutron 
flux in VT6 is of the order of 1000 times larger than the flux 
obtainable with a small accelerator. Since most of the fast 
neutron reaction of interest have thresholds in the energy 
region 1 to 4 MeV, much higher sensitivities should be 
attainable with a reactor such as HERALD compared with 14 MeV 
accelerator neutrons (Lukens et al. 1961). The main problem 
that exists is the screening out of thermal, epithermal and 
resonance neutrons so that they do not produce high levels of 
(n,Jf) activities in other constituents of the matrix. These 
activities can completely obscure the fast neutron induced 
activities and limit the feasibility of a purely instrumental 
method of analysis. Fortunately, the irradiation tube VT6 is 
already screened with multiple wrappings of cadmium and indium 
which effectively suppress thermal neutron activation by a 
factor of 30 or more. The Rabbit system location of HERALD 
does not permit irradiation periods of longer than 30 minutes, 
and samples for fast neutron irradiation in this position 
necessitate special cadmium liners. In view of this problem ■ 
all irradiations were carried out in the tube VT6. This 
facility had no special hot handling system, and the samples 
were allowed to decay for 30 minutes at a position near the top 
of the tube before they could be handled.
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9. 5. Containment
The facility VT6 is a vertical tube, the bottom of which
is located at the edge of the reactor core. This meant that
the typical temperatures the samples would experience during
irradiation were of the order of 60°C. As the paint samples
to be analysed were supplied sealed with beeswax in perspex
bottles, a preliminary test for radiation damage and the
effect of a prolonged elevated temperature was undertaken by
placing empty perspex bottles in VT6 for 24 hours. In view of
the damage that occurred to the perspex it was decided to
limit the irradiation to 2 hours. The two product nuclides
203used for the analysis of lead by irradiation in VT6 were Pb 
and 204mpb.
For in-core irradiation the containment problems 
necessitated special consideration because of the increased 
fast neutron flux and temperatures in excess of 70°C. The 
samples chosen for in-core irradiation were sealed in pure 
quartz ampoules using an oxygen/coal-gas flame to melt the 
quartz.
9. 6. Results
In a search for the 204iDpb radioactivity induced by fast 
neutrons in VT6^the irradiation time of 1 hour was considered 
adequate. Due to practical limitations the samples provided 
could not be transferred to fresh vials after irradiation in 
order to eliminate the contribution of activities induced in 
the beeswax and perspex. The photopeak counts for the 375 keV 
peak of 294rripk 0b-fca:[ne£ for'1 hour irradiation in VT6 are
plotted versus lead content of standards (Figure 33). This 
indicates that the idealised sensitivity is about JOOjxg. A 
search for the 375 keV gamma ray of 2°4mpb in the paint samples 
indicated that lead could be detected in only two of the four 
paint samples analysed. The results obtained for these samples 
are compared v/ith those of the atomic absorption method below.
Sample 2Q^Pb(n, n * ^ ^ ^ P b  (mg) Colorimetry (mg)
A —  0.16
B 2.7 - 1.0 3.4
C —  0.04
D 1.5 ~ 0.4 1.3
On the basis of these runs the sensitivity limit for the
instrumental analysis of lead using ^ ^ mPb was set at about
500 microgrammes. in these paint samples.
The paint samples that were irradiated for 1 hour in VT6
were allowed to decay for 1 day before searching for the
203279 keV gamma ray of ^Pb. The lead standards that were giver
the same irradiation gave photopeak counts of about 4 cpm per
203
27 mg Pb. The 279 keV gamma ray of Pb could not be
detected in any of the paint samples above the intense
backgrounds from the paint matrix.
The samples and standards that were irradiated in the
fast neutron flux of the in-core irradiation position for 3
days were too active to be handled or counted even after a
203decay period of 1 week, by which time the 52 hour Pb had 
decayed too far to be counted above the residual matrix
203activity. The standards utilised gave no evidence of the PI 
gamma ray probably because of the long decay period and the
FIGURE 33
COUNTS. PER 
10 MINUTES 
IN 375 keV 
PEAK
CALIBRATION OF LEAP STANDARDS FOR FAST NEUTRON ERADIATION
IN THE VERTICAL TUBE FACILITY (VT6) OF HERALD
REACTION 204Pb(n»nM2°4mPb
104 ^
60 minutes
60 minutes
e TO minutescount
2O'
0
2 3
mass op lead nr
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intense radioactivation of impurities in the lead used as the 
standard and quartz containment.
9. 7. Discussion
The poor sensitivity of thermal and fast neutron 
activation analysis for lead in paint renders a purely 
instrumental method rather insensitive. The reaction 
20^Pb(n,n ’ )204mPb might be feasible for the analysis of lead 
in a low atomic number matrix or one that does not produce 
long-lived (n, (f ) products. The reaction 2^Pb(n,nf J ^ ^ P b  
might warrant further investigation if faster data.accumulatiqi 
systems to handle the high count rates and a rapid transfer 
system in and out of the fast neutron flux of a nuclear 
reactor become available. Recent work by Ingle and Spyrou
O C\ 7 m
(private communication) has exploited the 0.8 sec Pb 
isomer by using cyclic activation. The samples were rapidly 
shuttled in and out of the core of the London University 
reactor at Ascot, using a high speed short rabbit, and counted 
with a 3" x 3" Nal(Tl) detector. This system gave a 
sensitivity of about 100 ng for lead in paint samples.
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CHAPTER 10 
AXU3 TO ACTIVATION ANALYSIS
10. 1. Introduction
The majority of radioactivation analysis methods to 
date have utilised comparatively long-lived products, 
principally because post-irradiation chemical separation 
procedures were required. These procedures were simplified 
to some extent with the introduction of the Ual(Tl) 
scintillation detector and gamma ray spectroscopy, which could 
be used to check the efficiency of the chemical separation 
process at each stage. Curve fitting and spectrum stripping 
methods went some way towards solving the problems arising, 
from the limited energy resolution of the scintillation 
detector. However, beta particle and brerasstrahlung additions 
to the gamma ray spectrum were problems that were difficult to 
predict and avoid.
Typical chemical separation times were of the order of 
a few hours, which necessitated the utilisation of radioactive 
products with suitable half-lives. The introduction of the 
Ge(Li) detector should permit shorter-lived products to be use* 
for analysis, as the superior energy resolution can be used to 
further simplify the chemical separation procedures. In 
favourable cases separation procedures may be completely 
eliminated to make the analysis purely instrumental.
Utilisation of shorter-lived products can result in 
better sensitivity for many elements. The limitation imposed 
by signal to background problems is inherent in the detection 
of any peak in a complex gamma ray spectrum because of the 
basic interaction processes of gamma rays with matter. In
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general these shorter-lived products emit low energy gamma 
rays which can further limit the analysis. The use of a high 
atomic number detector (Bertolini 1973) will go some way 
towards solving the signal to background problem associated 
with the detection of low energy gamma rays in a complex gamma 
ray spectrum. Some of the advantages of using short-lived 
products are speed and ultimately lower cost of analysis per 
sample.
Other problems yet to be solved to improve the utilisatioi 
of short-lived products are the limitations of currently 
available data accumulation systems. These have an associated 
dead-time for pulse height analysis, and dead-time correction 
problems are of serious concern to the accuracy of the analysis 
if the decay period of the induced activity is comparable to 
the data accumulation time. Furthermore, basic count rate 
limitations of detectors, amplifiers and associated electronics 
add to the difficulty of accurately quantifying a changing 
signal in a changing background.
10. 2. Frequency Histograms
In an effort to help predict whether an instrumental 
approach might be of value for the analysis of any element in 
any matrix.,several histograms have been compiled. These 
histograms can aid in the analysis of any element, since they 
can be used as a guide to decide whether the use of a short­
lived thermal neutron activation product is feasible.
A list of the histograms compiled from the data tabulated 
by Crouthamel (1960) and Tannila and Kantele (1969) is given 
below.
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Figure 34 Frequency histogram of all the radioactive isotopes 
known to date.
Figure 35 Frequency histogram of all the principal gamma rays
emitted by all the radioactive isotopes.
Figure 36 Frequency histogram of the gamma ray emitting
products and daughter products of (n, Y) and (n,nf)
reactions on all naturally occurring elements.
Figure 37 Total number of gamma ray emitting products plotted
versus half-life.
Figure 38 Frequency histogram of the positron emitters and
daughter products of (n, Y ) and (n,n») reactions on
all naturally occurring elements.
Figures 39, 40, 41 and 42 depict and list the principal gamma
rays emitted by the product isotopes and daughter
products of (n, Y ) an& (n,nl) reactions in the
half-life intervals 10— ^10^, 10^-h> 10^, 10^—«**10^  
4 5and 10 -— b- 10 seconds respectively.
10. 3. Discussion
The frequency histogram of all the radioactive isotopes
known to date is an asymmetric Gaussian function with a peak
4 13at around 10 seconds and a secondary peak at around 10
seconds. Of the total number of radioisotopes known (~1100),
only a small fraction are available to the analyst, and the
majority are the result of fission of heavy nuclei.
The frequency histogram of the principal gamma rays
emitted by all radioactive isotopes indicates that the number
decreases fairly smoothly with increasing gamma ray energy. A
surprising result is the peak at around 600 to 700 keV. This
histogram demonstrates that the feasibility of purely
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instrumental activation analysis increases with the gamma ray
energy of the product nucleus sought.
The frequency histogram of the gamma ray emitting
products of (n,tf ) and (n,n‘) reactions is also an asymmetric
Gaussian function with a broad peak at around 10^ seconds
half-life. The total number of products in the interval 1 to 
2310 seconds is about 280.
The curve depicting the total number of gamma ray emitting
products and daughter products of (n, X ) and (n,nf) reactions
indicates that, in general, for any matrix there appears to be
—2 2little or no value in using a decay time of 10 to 10 seconds.
2The majority of the activities will decay in the interval 10 to
Q
10 seconds. Therefore, for a longer-lived product the feasibi­
lity of purely instrumental activation analysis actually 
increases with decay time, because the effective background 
presented by shorter-lived product gamma rays decreases.
The frequency histogram of the positron emitting products
and daughter products of (n,X ) and (n,n') reactions shows a
7 13broad peak at about 10 seconds and a second peak at 10
seconds. The total number of possible positron emitting
products is about 61.
The data in Figures 39, 40, 41 and 42 can help the analyst
predict the interferences in the gamma ray spectrum of. any eleme
sought in a matrix of known elemental composition. For example,
if one were interested in the analysis of calcium in any matrix
by thermal neutron activation analysis using the short-lived
product ^ C a  (Ti =8.8 minutes), Figure 40 demonstrates that no
2
severe interferences are expected in the detection of the 3.10 
MeV gamma rays of this product. All the other radioactive 
products of similar half-life that might compete with the
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detection can be predicted. If calcium were sought in a zinc
matrix, the majority of the comparatively low energy gamma rays 
71of Zn (T^ = 2.2 minutes) could be prevented from Interacting 
with the detector by the use of a suitable absorber to act as a 
filter. This absorber might be compared with the filters used 
in X-ray techniques.
The data in these figures can also help to predict the 
interferences expected in the photoneutron detection method for 
high energy gamma rays using the low ( $ ,n) thresholds of 
berylium and deuterium as suggested by Amiel (1964).
Similar aids to activation analysis to those offered in 
this chapter for thermal neutrons could, in principle, be compil< 
for activation analysis methods with fast neutrons, high energy 
photons or charged particles.
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FIGURE 36 FREQUENCY HISTOGRAM OF GAMMA EMITTING PRODUCTS OF (n. 6 }  AMD (n,n )
50 ~ 0^ ALL n a tu ra lly  o ccu rrin g  elements
30 ~“
6 8 10 12 14 16 18 20 22 240 2 4-2
-155-
i°e, flx seconds2
SI ^
i s
© p  
m H - o
roVJ1
tSJ
cry
CD
CD(xj -*■O ov
CD'
ro
ro
- 1 5 6 -
FREQUENCY HISTOGRAM OF ALL THE POSITRON EMITTING 
PRODUCTS M B  BAUGHTHTfl PRODUCTS OF (n.X ) and (n.nO 
REACTIONS ON ALL THE NATURALLY OCCURRING ELEMENTS '
FREQUENCY
14
12
10
8
6
4
2
0
,16 20.8 ,121 10 10 1010
Ti SECONDS
t
-157-
w
.
pat' (D 
<
■ o
roo
u>o
o
VJ1o
ONo
M|h*
00
B °
O
CO
o — fc» •
VJI o VJI
I 1 1
ro»o
ro*
vji
JL
.0 i0 F
-o*o
■?7or\se, 
=tr°'1(im^  b^msc
lOTmpa
’0*0 “0*0*0 ^ ^
O -O -
—o ioqrr>A9
~0 loimift
O iw^b 3
7S»rt (*?*
~o ,ol*fch
77m  Gre
f2STmXe. &brv\ Rb
l!H‘ Xr\
vo o -J
V
i«»a.rvNIf
—oo iBfiTfAyy
-o
u>
*
O
-158-
PIGDHB 
39 
PRINCIPAL 
GAM&A 
RAYS 
EMITTED 
BY 
PRODUCT 
ISOTOPES 
OF 
(n, X) 
Am) 
fn.nO 
REACTIONS
— 
— 
w 
THg- j^
jrj»-LIpE 
-
fcr)
Oif • O
%
Q==£J&
O  »o&
ro J  iizm ci
§  l :8Bo-co~a-oo,,0'<*cl
fV^Sz, 
‘rOC,M‘p,'Rh
j|— -~ O iosHg
-O'
-fcs* p.
§4°-—
~Ch— 0 Gt>(”
O s,TC
.0SiV
-o31s
D— — o-o^Mg 
•O— -O—0-0 m Os
I— 0000-0— 0-0-0— O^c ,Q1Tc
L o^'^Bq
H ^ K v £ K ) - - 0 > -------- O — C
O
Cc\ HJ
{t*
tr*
-u.
or
- 1 5 9 -
t?d
I5'%<1
- o
o
o
vjn v«n
ro>
o
ro*VJl
OJ
O
u»
*
vn
45»
O
   «,... ,    o— o 'tO<jc4
Lo-o—oc--o Wptro
M
c 5aCl
'g J rO -O -O — O M‘ m Col 
o"
O  —  O-'"*— •- O — —
—0-. §,m5eloanftffw
4^o j
■.....  Q.....TC->0— O—O- ■-■■<>  ^ vjjC— _ e _-------------------------—
■C*> '”Yb
(-!
CO
-160-
w<t>
<4
v_n ui
ro
O
ro
vji
• o
u1 
o
iS^ m
O £»™Sr
±z9ou"4rr^er
j q r ^ c K ^ i - O ' 80m  Ht 
„,»ocWm'rc
tnmC4
• air*.
^ ■ « i» ■ ■ 0~0 m ».... — |Q
srr —o* OmIgOtmftx 3
™0^ "“ o-—"■
'OHCu
_,ot»pa
hinm—iA Qi— "O
o'l^Mo
O^K
0— 0-
--LyQjy^ S O— O— 0-Om && iasrXe
-O^ omy
-o74Gc*
o,s<i^
0-0-00-0 ^O—O Wm
0- 0*
O^Zr
c o1fc/\s
0— 0-0 ,bbHo
-161-
FIGUBS 
42 
PRINCIPAL 
GAMMA 
BAYS 
EMITTED 
BY 
PRODUCT 
ISOTOPES 
OF 
(n. 
&) 
MD 
(n,n») 
REACTIONS
IN 
THE 
HALF-LIFE 
INTERVAL 
1
<
£
_
10^
 
SECONDS
CHAPTER 11 
CONCLUDING- REMARKS 
This study was undertaken in a number of research 
laboratories over a period of three years. Therefore, a very 
detailed examination of any of the topics covered could not 
be undertaken. An approach to purely instrumental activation 
analysis necessitates access to a laboratory offering a range 
of sophisticated facilities for sample irradiation, and 
radiation detection.
Specificity of irradiation and detection is important 
for purely instrumental methods. The energy resolution of 
the present-day Ge(Li) detector is probably adequate for most 
multielement analyses. Data accumulation systems which can 
cope with counting rates in excess of 10 counts per second 
with negligible spectrum degradation problems w'ill help to 
extend the limits of purely instrumental methods. The Compton 
continuum under any photopeak in a gamma ray spectrum is 
inevitable because of the basic interaction process of gamma 
rays with matter. However, the development of gamma ray 
detectors of higher atomic number than germanium and offering 
comparable energy resolution will reduce this background 
interference in the detection of gamma rays.
The special advantage of G-e(Li) spectrometry is the 
confidence engendered in an analysis by the possibility for 
the analyst of actually ’seeing* the gamma ray sought instead 
of inferring its presence by mathematical unscrambling of 
spectral data, as is often necessary with the Nal(Tl) detector. 
This benefit more than compensates for the disadvantages of 
lower detection efficiency and poorer photopeak to Compton 
ratio compared with the Nal(Tl) detector. The simplicity
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offered to activation analysis is also of great value.
Purely instrumental methods of activation analysis can 
be readily applied to ’in vivo' studies. Here, the possibility 
of using fast or thermal neutrons for the analysis of various 
elements at major and minor levels in humans and animals is 
currently being investigated. Various groups have studied the 
feasibility of determining calcium and phosphorous in bone, 
tissue and blood. Radiation dose limitations restrict the 
method to the analysis of major and minor levels of these 
elements, e.g. the determination of calcium in the hand as 
opposed to at a specific site in a finger. Ideally for 'in 
vivo1 activation analysis, a pure thermal neutron beam is' 
preferable because of the increase in the quality factor with 
neutron energy.
Radioactivation analysis could also be applied to the 
study of 'in vivo' blood flow with the use of stable isotopes 
which exhibit large thermal neutron capture cross-sections.
Here, a suitable isotope could be injected into the blood 
stream and prompt activation analysis techniques used to 
determine the uptake and washout in any organ or site, e.g. 
cardiac output studies. The advantage of such a scheme is that 
the whole-body radiation dose could be minimised.
In radiotherapy, the development of new biochemicals has 
opened up the possibility, of labelling a tumour specifically 
with either boron or lithium for thermal neutron bombardment 
which would theoretically allow a radiation dose to be deliverec 
selectively to a tumour. The short range of the prompt alpha 
particles emitted in the thermal neutron capture reactions 
^B(n,oC)^Li and ^Li(n,oC)^H would restrict the dose to the 
region of the tumour. The relative biological effectiveness 
of the alpha particles would also favour the technique.
- 1 6 3 -
In addition, a "gamma camera could be used to visualise the tumoi;
labelled with boron by detecting the 477 keV prompt gamma ray
7emitted from population of the first excited state of the M  
product nucleus.
Further developments of irradiation techniques, radiation 
detectors and data accumulation systems will make purely 
instrumental methods of activation analysis applicable to a 
wide variety of problems in many fields. Finally, the analyst's 
dream of determining some constituents .of any sample with no 
physical'contact has, in many cases, already come .true.
- 1 6 4 -
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